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ABSTRACT 
This thesis presents a body of work conducted to determine thermal comfort on train journeys.  
Relatively little research has been conducted on trains in comparison with the vast body of work 
conducted within building environments.  This thesis aimed to expand our knowledge of rail 
passenger thermal comfort throughout the journey; platform to destination.  The train journey 
was separated into its component parts and analysed by conducting both laboratory and field 
experiments that either simulated or measured aspects of a train journey. 
 
Laboratory experiment 1 examined appropriate methods of data collection during train journeys.  
Participants (9 males and 9 females) were exposed to a simulated train environment three times 
and used a different data collection method on each occasion; a paper-based method, a voice 
recorder or a Personal Digital Assistant (PDA).  Results concluded that the three methods can 
be used interchangeably when recording thermal comfort data.  Participants preferred the PDA 
over the other two methods because they felt it afforded them a level of privacy in addition to 
blending in with other rail passengers using similar technologies. 
 
The second laboratory experiment measured thermal comfort following a change of 
environment.  Participants (12 males and 12 females) were exposed to three environmental 
conditions (warm, neutral and slightly cool) in a thermal chamber on three separate occasions.  
The exposure lasted 30 minutes, after which, participants entered a new environment that was 
the same on each occasion (slightly cool).  Results showed that overshoots in sensation 
(beyond those predicted by the Predicted Mean Vote thermal comfort index – PMV) are 
observed following downward steps (warmer to cooler) in environmental conditions.  No 
overshoots were observed following the upward step (cooler to warmer) in environment, with 
sensations immediately reflecting the predicted steady-state values. 
 
Laboratory experiment 3 (22 males and 26 females) expanded the research conducted in 
laboratory experiment 2 by exposing participants to greater magnitudes of environmental 
change.  In addition, sensation was measured after this change until steady-state was reached.  
Participants were exposed to four environmental conditions (coolwarmneutralcool or 
coolcoldwarmcool) consecutively over a 2 hour period with 30 minutes spent in each 
location.  Results demonstrated similar effects to those observed during laboratory experiment 2 
with overshoots observed following downward steps in environmental conditions and none 
observed in the opposite direction.  Sensations demonstrating overshoots gradually increased 
until steady-state was achieved after approximately 25 minutes. 
 
ii 
Field experiment 1 (12 males and 32 females) measured thermal comfort while boarding trains.  
Participants were taken on a short train journey and recorded sensations whilst on the platform 
and during boarding.  Results showed that overshoots may also be observed following step up 
and step down in environments.  It is hypothesised that change in air velocity is influential in this 
effect. 
 
Thermal comfort throughout a train journey was measured in field experiment 2.  Participants 
(16 males and 16 females) reported on thermal comfort on the platform, during boarding and 
throughout a return train journey from Loughborough to London St Pancras.  Results also 
demonstrated overshoots following upward transients indicating that there are factors in the field 
that do not occur in laboratory conditions.  Subjective parameters reach steady-state after 
approximately 20 minutes and PMV accurately predicted sensations during the journey.  Again, 
air velocities may have interacted with other variables resulting in the overshoots following 
upward steps in environmental conditions. 
 
Laboratory experiments 2 and 3 resulted in the creation of a model predicting sensation 
following a change of environment, PMVTRANS.  When the model was compared with the field 
data, it could not accurately predict sensations observed during transients.  It also could not 
predict the sensation overshoots observed following upward transients.  A new model is now 
proposed, NEW PMVTRANS.  This model shows greater correlation with actual sensation than 
PMV; however it does require further validation from field data.  Research has shown that PMV 
is an accurate estimator of sensation within a train carriage and should be used by train 
designers to optimise the environmental conditions for passengers. 
 
Key words: thermal comfort, transient, train journeys, rail, ergonomics, thermal sensation, 
environments 
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Nomenclature 
Clo instrinsic insulation of clothing 
 C convective heat loss per unit area Wm
-2
 
CET Corrected Effective Temperature °C 
d diameter of black globe thermometer m 
E evaporative heat loss Wm
-2
 
Ed heat loss by water vapour diffusion at the skin Wm
-2
 
Eres latent respiration heat loss Wm
-2
 
Esw evaporation rate due to sweating Wm
-2
 
ET Effective Temperature °C 
ET* new Effective Temperature °C 
fcl clothing surface area factor 
 hc convective heat transfer coefficient Wm
-2
K
-1
 
hcl thermal conductance of a clothing ensemble Wm
-2
K
-1
 
Hsk heat loss at the skin Wm
-2
 
Icl clothing insulation m
2
KW
-1
 
K conductance Wm
-2
 
L dry respiration heat loss Wm
-2
 
M metabolic rate Wm
-2
 
Pa partial pressure of water vapour in air kPa 
PMV Predicted Mean Vote 
 PPD Predicted Percentage Dissatisfied 
 Psa saturated water vapour pressure at skin temperature kPa 
R heat loss by radiation from the outer surface of the clothed body Wm
-2
 
RH relative humidity % 
S heat storage Wm
-2
 
SET Standard Effective Temperature °C 
ta air temperature °C 
ta,out  mean outdoor dry bulb temperature °C 
tcl temperature of clothing °C 
Tcomf comfort temperature °C 
tcr core temperature °C 
Teq Equivalent Temperature °C 
tg globe temperature °C 
thand hand temperature °C 
tpr plane radiant temperature °C 
tr mean radiant temperature °C 
ts surface temperature °C 
tsk mean skin temperature °C 
v air velocity ms
-1
 
W external mechanical work Wm
-2
 
WBGT Wet Bulb Globe Temperature °C 
WGT Wet Globe Temperature °C 
ε emissivity of the black globe thermometer 
 ϕ relative humidity 
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PART 1 LITERATURE REVIEW AND METHODOLOGY 
1 Literature Review 
1.1 Summary 
This chapter details the research issues covered in this thesis; thermal comfort, its 
measurement and influencing factors in addition to train and other vehicle environments.  It 
identifies areas where current knowledge is lacking and how this thesis aims to answer some of 
those questions.  Themes that surround the issue of rail passenger thermal comfort are 
discussed.  Finally the aims of this thesis are listed with the programme of work through which 
the aims will be addressed. 
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1.2 Introduction 
Rail travel has been a primary mode of transport for many people since the beginning of the 20th 
century.  The introduction of motor vehicles has reduced the percentage of the population using 
trains, however the total number of people using the UK rail system has increased over the last 
5 years (Delta Rail and Office of Rail Regulation 2010) putting pressure on companies to 
provide a service that meets the needs of the modern train traveller. 
 
On average, there are approximately 2.7 million train journeys each weekday (Department for 
Transport 2010) with 72% of these journeys occurring in the morning and evening peaks.  This 
is a vast number of passengers to accommodate within a system that has received minimal 
research in the area of thermal comfort. 
 
Since the privatisation of British Rail in the late 1990s, there has been fierce competition 
between independent companies to attract passengers and with increasing ticket prices, 
companies must look elsewhere to make their service more attractive to the consumer, a 
possible solution is to increase thermal comfort within the train carriage. 
 
The rail industry has a number of standards regarding the thermal environment within the train 
carriage.  ISO 13129 (1) (2002) and ISO 14750 (2002) detail the various temperature, air 
velocity and relative humidity ranges which are permitted within the train carriage.  These are 
based on minimal empirical research conducted on trains and therefore may not be suitable in 
optimising passenger thermal comfort. 
 
The main aim of this thesis is to measure thermal comfort throughout a train journey to provide 
data for the development of a thermal comfort model that predicts sensation throughout this 
journey.  The model will enable rail companies to provide environmental conditions that are 
optimal for their passengers and increase the overall satisfaction within the occupant 
environment. 
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1.3 Thermal Environments 
Six parameters influence thermal comfort (Fanger 1970): 
1. Air temperature; 
2. Mean radiant temperature; 
3. Air velocity; 
4. Relative humidity; 
5. Clothing insulation  
6. Activity level. 
The combination of these six factors can affect perception of the environment, for instance, 
high clothing insulation in a warm, humid environment will result in a different experience than 
in the same conditions with a lower humidity.  Understanding how these factors can interact 
enables the design of an environment that is thermally optimal for its occupants. 
 
Experimental control or manipulation of these 6 parameters allows a better understanding of the 
way they can interact and their resultant effect on sensation and comfort.  This section 
describes the six parameters and their measurement. 
1.3.1 Air temperature 
Air temperature (ta) is defined in ISO 7726 (2001) as ―the temperature of air around the body‖.  It 
can be measured in two ways; expansion thermometers (e.g. mercury-in-glass thermometers) 
and electrical thermometers (e.g. thermistors, thermocouples) and care should be taken to 
ensure that other environmental factors such as solar radiation do not influence the instruments. 
 
The location of air temperature equipment (as with all environmental equipment) is an important 
consideration.  If the equipment is too close to the occupant, ‗boundary conditions‘ from the 
body can influence readings.  Conversely, too far away and the equipment may not be 
accurately measuring the environment experienced by the occupant. 
1.3.2 Radiant temperature 
Radiant temperature can be split into two types; 1) Plane radiant temperature and 2) Mean 
radiant temperature. 
 
Plane radiant temperature (tpr) is ―the uniform temperature of an enclosure where the radiance 
on one side of a small plane element is the same as in the non-uniform actual environment‖ 
(ISO 7726 2001).  Plane radiant temperature is the determination of radiant temperature in one 
direction.  Generally, six directions are measured (up, down, left, right, front and back) and are 
combined to determine a mean radiant temperature on the body.  Each direction has an 
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associated weighting according to its influence on the body, for instance, when seated, up/down 
planes have a greater effect than when standing.  The two equations detailed in ISO 7726 
(2001) to determine plane radiant temperature are shown below. 
Seated: 
   
                                                                            
                
 
1.1 
Standing: 
   
                                                                             
                 
 
1.2 
Measuring plane radiant temperature can be both cumbersome and complicated, especially in 
field environments and, for this reason, mean radiant temperature will be measured throughout 
the work conducted in this thesis. 
 
Mean radiant temperature (tr) is ―the uniform temperature of an imaginary enclosure in which 
radiant heat transfer from the human body is equal to the radiant transfer in the actual uniform 
enclosure‖ (ISO 7726 2001).  It is normally measured using a black globe thermometer 150mm 
in diameter but can also be calculated by measuring the temperature of surrounding walls, their 
size and orientation with respect to the occupant.  The globe is used as a representation of the 
body and the heat absorbed by it.  The human body is not spherical in shape and other profiles, 
such as an ellipsoid or cylinder, have been proposed that may be superior when applying 
results to humans. 
 
To calculate radiant temperature, generally 4 parameters are required (this number increases to 
5 if air velocity is greater than 0.15ms-1): 
1) tg, 2) ta, 3) ε – emissivity, 4) d – diameter (m) (and 5) v – air velocity). 
For natural convection: 
            
 
 
        
 
 
       
 
 
   
         
   
     
1.3 
For forced convection: 
            
 
 
            
      
        
   
     
1.4 
Where ε = 0.95 for matt black paint and d = 0.15m (ISO 7726 2001). 
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1.3.3 Air velocity 
Movement of air around the body can influence heat flow which can impact the temperature of 
the body.  Mean air velocity is generally used to describe the air flow around the body and is 
defined as: 
    
 
   
          
 
   
 
1.5 
There are many different types of anemometer (vane, hot wire, pulsed wire etc).  Some are 
omni-directional and measure air movement in all directions while others are uni-directional 
measuring in one direction.  Uni-directional anemometers can have limited applicability in field 
environments where air flow can come from a number of directions. 
1.3.4 Humidity 
Two terms can be used to describe humidity; 1) Absolute humidity and 2) Relative humidity. 
 
Absolute humidity is the actual amount of water contained in the air and can be calculated 
using the following equation: 
                  
  
 
 
1.6 
Where Pa = partial vapour pressure (kPa) and T = air temperature (K). 
 
Relative humidity (ϕ) is the amount of water vapour in the air (partial vapour pressure – Pa) 
relative to the total amount of water that can be contained in the air (saturated water vapour 
pressure – Psa).  Relative humidity is expressed as a percentage and is calculated using the 
following equation. 
  
  
   
 
1.7 
Humidity is measured using a psychrometer which utilises two thermometers, one surrounded 
by a wet wick (wet bulb) and one exposed to the air (dry bulb).  The wet bulb exhibits greater 
cooling when the air is drier.  The two temperatures are used to determine the humidity with 
either psychrometric charts or equations.  If the relative humidity is 100%, there will be no 
decrease in wet bulb temperature because water will not be able to evaporate from it. 
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1.3.5 Metabolic heat production 
Metabolic heat production is one of the two personal parameters and describes the heat 
released when converting oxygen and food into energy.  The maximum amount of energy 
produced is only 25% of the total metabolic rate and the additional energy is released as heat.  
This heat is either released to the environment through evaporation of sweat on the skin or 
results in an increase in core temperature. 
 
Metabolic heat production can be calculated in 3 ways: 
1. Calorimetry – directly measuring heat production in a controlled chamber.  Non-
evaporative and evaporative heat loss is measured and summed to determine total heat 
loss. 
2. Indirect calorimetry – oxygen expiration is measured to calculate how much is used to 
metabolise food. 
3. Tables and databases – ISO 8996 (2004) details a number of activity types and work 
rates and their respective metabolic rates.  These can be substituted in experiments 
where it can be impossible or impractical to directly or indirectly measure metabolic heat 
production.  These values can, however, be subject to inaccuracies due to differences 
between genders, age and body size and are often represented as a function of body 
area (Wm-2) or Mets  where 1 Met = 58 Wm-2. 
 
Metabolic rate has been estimated to vary by up to 5% under laboratory conditions and by up to 
20% in the field (ISO 8996 2004); therefore values in tables may not be representative of all 
occupants of a space. 
1.3.6 Clothing 
Clothing is the second personal parameter and is the one people most readily change in order 
to behaviourally thermoregulate (e.g. removing outer clothing if warm).  Clothing allows 
occupants to remain thermally comfortable over a wide range of environmental conditions.  
However, it is important to remember that clothing is not only worn to keep us warm, as fashion 
can be as much an influence on clothing selection as temperature (Parsons 2003). 
 
The amount of insulation particular clothing types provide has been measured and ISO 9920 
(2007) extensively lists different clothing properties and the insulation they provide.  Clothing 
insulation is either described in Clo units where 1 Clo is the equivalent of a typical business suit, 
or m2°CW-1 where 1 Clo = 0.155 m2°CW-1.  The insulation provided by clothing ensembles is 
calculated by summing the individual item insulation values.  It is important to include insulation 
supplied by seats at this point as up to 0.25 Clo can be caused by the seat alone. 
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A more effective method of calculating the insulation within an ensemble is to measure it on a 
heated manikin.  These values can then be used in subsequent calculations. 
1.4 Thermoregulation and heat balance 
The human body is in a constant dynamic state in order to maintain a core temperature of 
approximately 37°C.  Preservation of this value requires a balance between heat transfer into 
the body and heat outputs from the body.  A number of factors contribute to maintain the 
balance within the body; these are explained in the following sections. 
1.4.1 Heat balance equation 
The heat balance equation is used to describe how heat is maintained in the body.  If the body 
is in heat balance then heat storage (S) = 0 and no heat is stored or lost and the following 
relationship is satisfied. 
 
              
1.8 
Where M = metabolic rate, W = mechanical work, E = heat transfer by evaporation, R = heat 
transfer by radiation, C = heat transfer by convection, K = heat transfer by conduction. 
 
The metabolic rate creates the energy to conduct the mechanical work, through which heat is 
released as a by-product.  The waste heat is released through conduction, convection, radiation 
and evaporation.  Any heat not released, is stored, resulting in a temperature increase and the 
following equation: 
 
              
1.9 
In order to maintain core temperature, the body possesses a number of mechanisms which are 
described in the following paragraphs. 
1.4.2 Vasoconstriction and vasodilation 
The blood transports heat or cold to tissues within the body and this is facilitated by the vessels 
in the body either vasoconstricting or vasodilating to preserve or promote heat loss. 
 
As the temperature around the body decreases, there is a greater temperature gradient 
between the skin and the air and more heat is lost through convection and radiation.  To combat 
the loss of heat, the skin‘s blood vessels vasoconstrict to reduce blood flow, particularly in the 
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extremities.  Blood is also redirected from the superficial to the deep veins and the net effect is 
a reduction in the conductance of the skin and thereby a decline in heat lost. 
 
In warm environments, or in situations of high activity, skin blood vessels dilate, blood is 
directed through the superficial veins and an increase in heat flow to the skin is observed.  This 
results in an increase in skin temperature and heat is lost through conduction and radiation. 
1.4.3 Sweating 
Sweating is the primary avenue for heat loss in hot environments and at moderate to high 
activity levels.  If the superficial blood vessels have vasodilated and can no longer promote heat 
loss by conduction and radiation alone, the sweat glands will be activated resulting in moisture 
at the skin surface.  As the moisture is evaporated, the skin cools. 
 
Sweat production can change over time, the body can become acclimatised to conditions which 
results in a greater maximum sweat production.  The function of sweat glands decreases with 
age (Inoue 1996) thereby limiting the avenues for heat loss and exposing people to a greater 
risk of heat strain. 
1.4.4 Shivering 
Shivering is also a reaction to cold and is caused by reductions in both skin and core 
temperature, it can be described as voluntary and involuntary.  Shivering can also range in 
severity from mild to violent resulting in an increase in metabolic heat production due to the low 
mechanical efficiency.  Metabolic heat production from shivering is 2-5 times that at rest. 
1.4.5 Piloerection 
Piloerection is a reaction to the cold and can be described by ‗hairs standing on end‘.  
Piloerection is an involuntary response designed to reduce heat loss by creating a layer of air 
between the body and the environment.  It is unlikely that this has much effect due to clothing 
and the relatively small amount of hair covering the body; however, there may be conditions 
where it plays a role such as within the clothing ensemble and in still air. 
1.4.6 Behavioural thermoregulation 
Humans naturally and unconsciously adapt their behaviour to decrease thermal discomfort.  
Significant changes in sensation can be made by adapting postures or positions and adding or 
removing clothing. 
 
In experiments where thermal discomfort is a planned factor, there should be careful control of 
behavioural mediators such as reducing body surface in the cold by ‗hunching‘ over or, in the 
heat, reducing clothing insulation by pulling up shirt sleeves. 
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1.5 Thermal Comfort 
Thermal comfort is described as ―That condition of mind that expresses satisfaction with the 
thermal environment.‖ (ISO 7730 2005, ASHRAE 2003).  A group of people exposed to the 
same environment will not experience it in the same way (Fanger 1970), due to biological 
variances or adaptations.  Fanger‘s (1970) conditions for thermal comfort under steady-state 
conditions are: 
1. The heat balance equation must be satisfied; 
2. Skin temperatures must be within comfort limits; 
3. Sweat secretion must be within comfort limits. 
Fanger‘s work led to the creation of the rational thermal comfort equation and consequently the 
Predicted Mean Vote (PMV) and Predicted Percentage Dissatisfied (PPD) indices (described in 
section 1.5.1). 
1.5.1 Indices of Thermal Comfort 
There is an extensive history of indices used to predict the effects of a given environment on its 
occupant‘s.  An index combines environmental parameters into a single expression of its effect 
on a person.  There are 3 types of index: 
1. Direct – instruments, that respond in a manner similar to humans, are used to evaluate 
the environment; 
2. Empirical – created from experiments that measure how humans respond to different 
environmental conditions; 
3. Rational – these indices use theoretical heat transfer equations and mathematical 
representations of human responses to environments. 
Direct Indices 
Wet Bulb Globe Temperature 
The Wet Bulb Globe Temperature (WBGT) is used as a heat stress index developed by Yaglou 
and Minard (1957).  It is the weighted mean of globe temperature and natural wet bulb 
temperature.  The following equation describes WBGT for conditions which have no solar 
component: 
                    
1.10 
If the conditions include solar radiation then the following equation is used: 
                           
1.11 
Where: tnwb = temperature of the naturally ventilated wet bulb thermometer (°C) 
ta = air temperature (°C) 
tg = temperature of the 150mm globe thermometer (°C) 
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At air velocities greater than 1ms-1, WBGT is less sensitive to air movement.  Although there is 
no direct measurement of air velocities, compensations are made in both the globe and natural 
wet-bulb temperatures.  In conditions with solar radiation, air movement reduces values on both 
these thermometers.  Due to the simplicity of its administration, the index has been widely used 
(Parsons 2003). 
 
Limit values are applied to those observed, if WBGT exceeds these, the environment should be 
analysed in greater detail to determine if heat stress is likely to occur. 
Wet Globe Temperature 
The Wet Globe Temperature (WGT) is also a measure of heat stress.  The wet globe 
thermometer consists of a 60mm diameter black globe covered with a wet black cloth (Botsball 
– Botsford 1971).  The thermometer takes 10-15 minutes to adapt to the environmental 
conditions, after which the value on the thermometer is recorded. 
 
At moderate levels of heat and humidity, WGT and WBGT are highly correlated but the 
relationship varies if the range of conditions are widened. 
Empirical Indices 
Effective Temperature 
The effective temperature (ET) index was developed from the experimental work of Houghten 
and Yaglou (1923, 1924) and Yaglou and Miller (1925) which aimed to determine areas of 
comfort under different conditions.  It is ‗an arbitrary index which combines into a single number, 
the effect of dry-bulb temperature, humidity and air motion on the sensation of warmth or cold 
felt by the human body' (McIntyre 1980). 
 
Due to the transient nature of the original experiments, ET overestimates the effects of humidity 
at low temperatures.  As a result of moving into a room with higher relative humidity, the 
person‘s clothing absorbs moisture which is experienced as a warming effect.  The opposite 
occurs when entering an environment with lower relative humidity and the person feels cool.  
There is also a transient in evaporative loss due to the skin wettedness of the person being 
appropriate to the first condition. 
 
Effective temperature is presented in the form of a nomogram (see Figure 1.1) either for people 
stripped to the waist or normally dressed. 
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Figure 1.1 Effective temperature nomogram – reproduced from McIntyre (1980) from Ellis et al. 
(1972) 
The ET index over-emphasised the effect of humidity at low temperature and under-estimated it 
at high temperatures.  ET is, therefore, no longer recommended and its successor, New 
Effective Temperature (ET*) is now the index recommended by ASHRAE. 
Equivalent Temperature 
The work of Dufton (1929, 1936 in Parsons 2003) resulted in the development of an integrating 
thermometer (eupatheostat) designed to maintain a room at a comfortable temperature in 
relation to air temperature, thermal radiation and air velocity.  The temperature of this device 
was termed ‗Equivalent Temperature‘. 
 
The eupatheostat consists of a cylinder 550mm high with a 190mm diameter; however this 
overestimates the effects of radiation in relation to heat loss.  The eupatheostat was further 
developed into the eupatheoscope which maintains the temperature of the cylinder at 24°C.  As 
a result of the temperature of the eupatheoscope being maintained at 24°C, equivalent 
temperature could not be extended above this value.  The definition of equivalent temperature is 
now ‗the equivalent temperature of an environment is that temperature of a uniform enclosure in 
which a black cylinder of height 550mm and diameter 190mm, would lose heat at the same rate 
as in the actual environment, the surface of the cylinder being maintained at a temperature 
which is a precise function of the heat loss from the cylinder, and which in any uniform 
12 
enclosure is lower than 37.8°C by 2/3 of the difference between 37.8°C and the temperature of 
that enclosure‘ (McIntyre 1980).  It is noted that relative humidity has a large influence on 
human responses at high temperature and equivalent temperature does not account for this. 
 
The work of Bedford (1936) enabled the determination of an equation for equivalent 
temperature.  His examination of factory workers in order to determine the relationship between 
subjective sensations and physical parameters resulted in the following formula: 
                                       
1.12 
And 
                                                      
1.13 
Where: S = sensation (comfortable = 4) 
ta = air temperature (°F) 
tw = mean temperature of surroundings, walls etc (°F) 
f = partial vapour pressure of water vapour (mmHg) 
v = air velocity (Ft/min) 
The formulae have been developed empirically and are, therefore, only suitable for the 
conditions surveyed by Bedford; 8-24°C. 
 
Factors that have limited the used of Equivalent temperature are its lack of appreciation for the 
effects of relative humidity and its unsuitability in conditions exceeding 25°C.  It also shows 
large differences in values when air velocities are between 0 and 0.1ms-1 despite velocities less 
than 0.15ms-1 being termed ‗still air‘. 
Resultant Temperature 
Resultant temperature was developed by Missenard (1948 in McIntyre 1980) and uses wet and 
dry globe thermometers to represent the response of the human body.  It is defined as ‗the dry 
and wet-bulb temperature of a uniform environment with wall temperatures equal to air 
temperature and still saturated air which produces equivalent sensation to the actual 
environment‘ (McIntyre 1980). 
 
The index does not, however include the effect of air velocity and is, therefore not suitable in 
conditions where v>0.15ms-1.  A similar index, the wet resultant temperature, developed later is 
also not suitable for environments with moving air (v>0.15ms-1), nor those that exceed 22°C. 
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Rational Indices 
Rational thermal indices employ equations to explain human response to environmental 
conditions.  These equations use theories of heat transfer and mathematical representations of 
human responses.  The following sections describe examples of existing rational indices. 
Standard Effective Temperature 
Although Effective Temperature (ET) was calculated empirically, the Standard Effective 
Temperature (SET) is described as a rational model because it results from an analysis of the 
physics of heat transfer. 
 
SET uses mean skin temperature and skin wettedness (the fraction of wet skin) to define the 
thermal state of the body.  Increases in humidity increase the perception of warmth and 
stickiness which has been shown to be a reliable indicator of thermal discomfort. 
 
SET is defined as ‗the temperature of an isothermal environment which has air and mean 
radiant temperatures equal to each other, a relative humidity of 50% and still air [<0.15ms-1] in 
which a person with a standard level of clothing insulation would have the same heat loss at the 
same skin temperature and same skin wettedness as he does in the actual environment and 
clothing insulation under consideration‘ (McIntyre 1980). 
 
Both skin temperature (tsk) and skin wettedness (w) can either be measured directly or 
calculated using Gagge et al.‘s (1971) two-node model of thermoregulation.  The model 
separates the body into two parts; the shell (representing the skin) and the core.  The 
components of the model are as follows: 
Sweat production (Esw): 
                         
         
    
  
1.14 
Increases in metabolic rate (M) through activity or shivering: 
                                
1.15 
Where: tb = mean body temperature above its set point (°C) 
tsk = skin temperature (°C) 
tcr = core temperature (°C) 
Body conductance (K – Wm-2K-1) is varied by vasodilation and vasoconstriction and heat flow 
from the core to skin: 
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1.16 
        
                    
                
 
1.17 
A psychrometric chart for a given activity, clothing and air speed can be constructed to 
determine equal lines of SET.  Where activity levels are low, in sedentary activity, SET is equal 
to ET*.  SET is directly linked to sensation and not air temperature.  For instance, SET can 
decrease from 24°C to 20°C if the occupant removes their clothing.  Although the environment 
has not changed, due to the reduction in clothing, the perception of it has and, therefore, SET 
also changes. 
Comfort Equation 
The comfort equation used in the Predicted Mean Vote thermal comfort index (PMV) is 
described by Fanger (1970).  The equation was the first to recognise the 6 parameters and the 
way they can interact to influence sensation.  The effect on sensation of a change in one 
variable will depend on the value of the other variables (McIntyre 1980).  It is therefore possible 
to apply the equation to a wide range of environmental conditions. 
 
The comfort equation is based upon the work of Rohles and Nevins (Rohles and Nevins 1971) 
which exposed a large number of participants to various environmental conditions and recorded 
their subjective experience.  Fanger defined three conditions for thermal comfort: 
1. The body must be in thermal balance (heat loss = heat production) and occurs in steady-
state conditions.  For heat balance to be achieved, the conceptual heat balance 
equation (1.18) must be satisfied; 
2. Mean skin temperature should be appropriate for comfort – tsk = 35.7 – 0.0275 (M-W)°C; 
3. Sweating must be appropriate for comfort. 
 
Fanger‘s theoretical heat balance equation is as follows: 
                          
1.18 
Where: 
H = internal heat production 
Ed = heat loss by water vapour diffusion through the skin 
Esw = heat loss by evaporation of sweat from the surface of the skin 
Eres = latent respiration heat loss 
L = dry respiration heat loss 
K = heat transfer from the skin to the outer surface of the clothed body 
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R = heat transfer by radiation from clothing surface 
C = heat transfer by convection from clothing surface 
 
If these values are then substituted with: 
H = M – W 
Ed = 3.05 x 10
-3
 (256ts – 3373 – Pa) 
ts = tsk,req = 35.7 – 0.0275H 
Esw = Ersw,req = 0.42 (M – W – 58.15) 
Eres = 1.72 x 10
-5
 M (5867 – Pa) 
L = 0.0014 M (34 – ta) 
K = 
         
        
 
R = 3.96 x 10
-8
 fcl [(tcl + 273)
4
 – (tr + 273)
4
] 
C = fcl hc (tcl – ta) 
 tcl = 35.7 – 0.0275 (M – W) – 0.155Icl [(M – W) – 3.05(5.73 – 0.07(M – W) – Pa) 
– 0.42[(M – W) – 58.15] – 0.0173 M(5.87 – Pa) – 0.00014 M (34 – ta) 
 hc = max(2.38(tcl – ta)
0.25
, 12.1   
 fcl = 1 – 0.2Icl  if Icl < 0.5 
     = 1.05 + 0.1Icl if Icl > 0.5 
Then the simplest form of the equation is: 
                                                                    
                 
                           
           
                   
1.19 
The comfort equation optimises conditions so that comfort is maintained.  In order to calculate 
the actual sensation experienced in a particular environment, Fanger created the ‗Predicted 
Mean Vote‘ index. 
Predicted Mean Vote 
The Predicted Mean Vote (PMV) index is a mechanism that utilises the comfort equation to 
provide a single expression of sensation that is equivalent to the mean sensation experienced 
by the occupants‘ of that space (see equation 1.20). 
 
                                                                        
                                                           
                            
             
                      
1.20 
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The level of comfort or discomfort is related to the thermal load which is the result of internal 
heat production and heat lost to the environment.  In comfort, this load will, therefore, equal 
zero.  As heat load deviates from zero, thermal sensation changes and is a result of the thermal 
load and activity level. 
 
The thermal load (L) is the amount of physiological strain placed upon the effector mechanisms 
(vasodilation, vasoconstriction, sweating and shivering) of the body.  Fanger assumes that the 
thermal sensation experienced by an occupant is related to the magnitude of strain placed on 
the body. 
 
Due to the complexity of the PMV equation, Fanger‘s book (1970) contains tables of PMV for 
approximately 3500 combinations of four of the six basic parameters (RH = 50% and tr = ta).  
However, it is now possible to perform the calculation using simple computer programmes and 
ISO 7730 (2005) details how this is performed. 
 
There are limitations with PMV; it was developed using experimental data where participants 
were exposed to conditions around neutrality.  The index is, therefore, likely to be inaccurate 
when PMV values are less than -2 (cold) and greater +2 (warm).  There is greater variation in 
PMV at the ‗hot‘ end of the scale due to increased sweating in these conditions. 
Predicted Percentage Dissatisfied 
Although an understanding of thermal sensation is useful in determining conditions for a space, 
it is also beneficial to know how many people will be satisfied with the space.  For instance if 
PMV = +0.5, how many people will complain? 
 
The Predicted Percentage Dissatisfied (PPD) is an estimation of the percentage of people who 
may complain about the environmental conditions.  Using the data from which the PMV index 
was created, the PPD index was also created.  The criteria under which people were 
determined to be dissatisfied were determined for the Actual Mean Votes (AMV): AMV>+2 and 
AMV<-2.  For each predicted sensation value, an associated Percentage of Dissatisfied (PPD) 
people can also be calculated using equation 1.21. 
 
                     
               
1.21 
The hypothesis of PPD is that there will never be 100% of the occupants‘ satisfied with the 
environment, there will always be a minimum of 5% of people who are dissatisfied.  This 5% 
results from some occupants‘ finding warm or cool environments preferable to neutrality.  This 
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value increases to 10% when PMV is +0.5 and increases as PMV deviates from 0 (see Figure 
1.2). 
 
Figure 1.2 PPD in comparison with PMV 
Adaptive Model 
The adaptive model suggests that thermal sensation is not only influenced by the 6 basic 
parameters, (air temperature, mean radiant temperature, air velocity, relative humidity, clothing 
and activity), but also expectations and preferences.  The thermal experience, therefore, results 
from the match between the expectation and the actuality (Brager and De Dear 2001). 
 
Occupants‘ in air conditioned buildings can have a low tolerance to conditions that deviate from 
the narrow range of environmental parameters within these buildings.  This results from the 
expectation of the occupants‘ to have an environment that does not deviate from neutral.  
Conversely, in naturally ventilated buildings, where there is often a greater facility for occupants 
to adapt to their environment, (e.g. opening windows) and people are more accepting of a 
variety of conditions.  As a result, they are likely to have a wider range of comfortable conditions 
and experience less dissatisfaction with their environment than people in air conditioned 
environments. 
 
A vast database of conditions and human responses has been collected as part of the project 
designed to create an adaptive model.  The results determined that, in naturally ventilated 
buildings, PMV could only predict half of the behavioural adjustments (clothing and air 
velocities).  The analysis suggested that a psychological adaptation may be present with shifting 
thermal expectations. 
 
The optimum comfort temperature (Tcomf - °C) was calculated using results in the database 
(Brager and de Dear 2001): 
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1.22 
Where: ta,out = mean outdoor dry bulb temperature 
 
When this formula was compared with the data, at ta,out < 23°C, naturally ventilated buildings 
operate within the limits determined by the Adaptive Comfort Standard (ACS).  Mean thermal 
sensations were +0.5 and therefore relatively neutral.  If ta,out > 23°C, then interior temperatures 
rose above the limits set by the ACS (to approximately 30°C) with resulting sensations of +1. 
 
More work is required to increase the accuracy and understanding of adaptive behaviour.  
Brager and de Dear (2001) list topics of adaptive behaviour which require more research such 
as; satisfaction, climatic contexts and the role of control.  Further research in these areas will 
enable researchers, architects and designers to better understand how occupants adapt to a 
space. 
 
Conclusions 
Thermal environments on the train are unlikely to result in any heat or cold stress during normal 
operations and, therefore, an index designed for these conditions would be inappropriate to 
accurately assess these environments.  A thermal comfort index would be more suitable as train 
conditions are more likely to occur within comfortable parameters.  As a result, the Predicted 
Mean Vote (PMV) index will be used as it is recommended by ISO 7730 (2005) and it accounts 
for the 6 parameters that affect thermal comfort.  It is likely that, during the course of 
experiments, all 6 parameters will fluctuate (particularly in field environments) and consideration 
for each needs to be made.  Fanger suggests its use following up-steps in temperature as an 
initial approximation of sensation (Fanger and Toftum 2002).  Therefore it should be suitable to 
estimate the change in sensation when participants transition from the platform to the train or 
between environments in laboratory research. 
1.5.2 Transient Environments 
The two main standards employed to set and assess the thermal environment are ISO 7730 
(2005) and ASHRAE standard 55 (2003).  Both standards describe methods for subjectively 
assessing the environment and conditions that will result in the greatest thermal comfort.  They 
are, however, designed to be used in steady-state conditions although techniques can be 
applied to transient and non-uniform environments. 
 
Much of the research regarding thermal environments has been in steady-state conditions 
within buildings.  Steady-state is when environmental conditions within a space are static and 
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do not change.  This, however, does not reflect conditions normally experienced by humans; 
there are often temperature cycles as heating and ventilating units operate around a 
thermostatically controlled set-point.  Occupants‘ often move about within their space possibly 
moving between different environments such as when travelling from an atrium to an office 
space.  These environmental conditions are termed ‗transient environments‘. 
 
A transient environment is one where the conditions continually change and therefore the 
thermal experience can vary.  The order of environments a person is exposed to can affect their 
response to the subsequent environment (e.g. moving from a cold, air conditioned room outside 
to a hot, sunny environment or vice versa will result in different responses).  ISO 7730 (2005) 
defines three distinct types of transient environment (which are expanded in Hensen (1990): 
1. Temperature cycles 
- sinusoidal changes, possibly as the result of an air conditioning unit turning on 
and off as it reaches its threshold value; 
- a cyclical environment is characterised by a mean value, peak to peak amplitude 
and a fluctuation period. 
2. Temperature ramps or drifts 
- steady changes with time; 
- ramp = actively controlled change (increasing thermostat); 
- drift = passive change (e.g. in a building with no active temperature control); 
- ramps and drifts have a starting value, amplitude and rate of change. 
3. Transients 
- as the result of changing environment e.g. going from one room to another; 
- characterised by a starting value, direction and amplitude. 
There are also ‗transitional areas‘ or ‗semi-outdoor spaces‘ which consist of spaces linking 
outdoors to indoors where people can enter briefly, in transit to their destination.  Examples of 
such areas are railway or bus station concourses and platforms in addition to atria and corridors 
linking buildings.  Transient conditions 1 and 2 have also been termed ‗non-uniform 
environments‘ and generally refer to conditions within a space that fluctuate either globally, (i.e. 
the room conditions change), or locally, (where there is localised heating or cooling).  
Increasingly, research is being conducted examining the effects that these types of 
environmental changes can cause. 
 
A train journey consists of two distinct parts; the platform and the train.  The platform is 
generally outside but is likely to have some form of shelter; either a roof or waiting room that 
affords some protection from the environment.  The platform can be designated as a 
‗transitional‘ or ‗semi-outdoor‘ area because passengers are unlikely to spend longer than 30 
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minutes there and because the environment is neither wholly outside nor wholly inside.  
Occupants of these spaces have been shown to have a greater tolerance to wide environmental 
conditions (Nakano et al. 2006).  Conditions within these areas, (although not directly 
controlled), can exhibit effects of ramps or drifts with increasing temperatures during the day 
and gusts of wind.  During a temperature ramp or drift, sensations may lag behind changes in 
environmental conditions and greater clothing insulations may, initially afford some protection 
from increases in air temperature (Nicol et al. 1973). 
 
Neutral temperatures in semi-outdoor spaces fluctuate seasonally even when indoor neutral 
temperatures do not (Chun and Tamura 1998, Jitkhajornwanich and Pitts 2002, Spagnolo and 
de Dear 2003).  This indicates that occupant perceptions and expectations of these spaces are 
not the same as those indoors and a wider range of conditions are acceptable.  The research 
also implies that indoor conditions could fluctuate similarly if the occupant‘s expectations are 
changed (Chun and Tamura 1998). 
 
Research has suggested that thermal sensations and comfort reach steady-state in 20 minutes 
(Zhang and Zhao 2009, Nagano et al. 2005, de Dear et al. 1993, Goto et al. 2006, Jones and 
Ogawa 1992, Gagge et al. 1967), although it has been suggested that this can take up to an 
hour (Nagano et al. 2005, Jones and Ogawa 1992).  Underwood (2006) compared sensations 
at 30 and 60 minutes and concluded that there is no significant difference between the two time 
points and that 30 minute sensations reflect those at 60 minutes.  It is therefore reasonable to 
conclude that sensations are likely to have reached steady-state within 30 minutes and 
sensations after this point should reflect those predicted by the PMV index. 
 
On leaving the platform, the passenger boards the train and experiences a transient change of 
conditions (type 3 in the previous list).  This is the change from one environment to another and 
is different from the drifts and ramps observed in buildings. 
 
Moving between environments – a transient shift 
A number of experiments have been conducted to determine the physiological and 
psychological effects of a move to a new environment.  Most have been conducted in the 
laboratory with participants moving from one environmentally controlled area to another. 
 
One of the first experiments to measure sensations following a change of environment was 
conducted by Gagge et al. (1967).  Participant sensations demonstrated an overshoot following 
the move from warmer to cooler environments where sensations exceeded those observed in 
steady state.  However, no overshoot was observed following the move from cooler to warmer.  
21 
During the change from cooler to warmer, Gagge et al. (1967) noted an effect of hysteresis with 
sensation, where there is a lag of sensation following the change of environment.  This effect 
was also observed by Stolwijk and Hardy (1966a, 1966b) who exposed participants to transient 
conditions but did not measure sensations during the experiment.  They note that there is a 
physiological hysteresis effect that occurs on entering the new environment due to the changes 
in sweat rate and core temperature.  Sweat rate responses occur quickly whereas core 
temperatures take longer and it is the difference between the response times that causes the 
lag. 
 
The order of environmental exposures affects the thermal experience with participants and is 
termed ‗relative evaluation tendency‘ (Chun and Tamura 2005).  Participants select subsequent 
values by comparing the new condition with the previous one.  Chun and Tamura (2005) 
exposed 36 participants to sets of three increasing environmental conditions and compared 
sensations in the 24°C environment.  The 24°C was placed at different points in the 
experimental order e.g. 18°C, 24°C, 30°C or 18°C, 21°C, 24°C and discovered that the 24°C 
condition had sensations relative to its placement.  For instance, if the condition is first then 
cooler sensations were selected than if the condition was third.  Results determined by the 
experiments outlined previously (Gagge et al. 1967, Stolwijk and Hardy 1966) may demonstrate 
this effect.  Small participant numbers in their studies indicate that experiments may not have 
been counterbalanced properly and this tendency may not have been accounted for. 
 
Zhao (2007) exposed participants to steady-state conditions for 30 minutes and then moved 
them to a new location that was warmer than the first.  Sensations were recorded here for a 
further 3 hours, after which, participants returned to the first location.  Results were similar to 
those observed by de Dear et al. (1993) where a steady increase in sensation was observed 
following the move to the warmer environment and an overshoot following the move to the 
cooler.  Skin temperature during the transients does not demonstrate any relationship with 
sensation and if the temperature difference between the two environments is less than 5°C, no 
overshoot is observed (Zhao 2007). 
 
Arens et al. (2006a, 2006b) exposed the body to non-uniform conditions and step-changes.  
They also noted an overshoot in both thermal sensation and thermal comfort with comfort 
overshoots more pronounced than sensations.  This effect was more noticeable with local 
values than overall.  The scale of comfort used in this study included descriptors of varying 
degrees of comfort (i.e. not only ‗uncomfortable‘ descriptors).  The overshoots in comfort 
resulted in the highest levels of comfort experienced during the study indicating that comfort is a 
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transient experience resulting from the removal of discomfort and is, therefore, short-lived 
(Cabanac 1992). 
 
Overshoots in sensation and comfort were also observed by Nagano et al. (2005) however, no 
up-steps in environmental conditions were tested.  Similar to the results of Arens el al. (2006b), 
comfort scores showed larger overshoots than sensations. 
 
Rohles and Wells (1977) and Rohles et al. (1980) did not observe overshoots in either of their 
experiments designed to measure sensations following ambient temperature changes.  Steady 
declines or increases in sensation were observed.  This may result from the frequency of 
subjective responses missing the brief overshoot observed in other studies 
 
de Dear et al. (1993) exposed participants to both upward and downward steps of 
environmental conditions.  They also noted overshoots in sensation which were more prevalent 
in conditions where there was a downward step in temperature.  The authors propose that the 
reason for this is the result of the firing rate of thermoreceptors detecting the sudden 
temperature change. 
 
Hwang et al. (2008) conducted a field experiment to measure thermal sensations when entering 
a transitional space from outside.  Sensations were given using the ASHRAE Standard 55 
(2003) scale with translations of the descriptors into Chinese.  There may, therefore, be 
discrepancies with the translation as Lee et al. (2009) have demonstrated that translations may 
not result in the same perception of the descriptor by the participant.  Results of the 
questionnaire determined that occupants‘ preferred to feel slightly cool and not neutral.  This 
may result from the experiments being conducted during the summer and a general preference 
to feel cooler during the season. 
 
Jitkhajornwanich and Pitts (2002) examined thermal sensations when moving from outdoors to 
indoors with both air-conditioned and naturally ventilated buildings.  However, sensations were 
only recorded once participants had entered the new environment and therefore no differences 
between the two environments could be calculated.  Warmer sensations were experienced by 
participants who had entered or left naturally ventilated buildings than those who had entered or 
left air conditioned buildings.  This occurred during both the warm and cool seasons tested. 
 
There are discrepancies between thermal comfort measured in the laboratory and that observed 
in the field (Chun and Tamura 2005).  It is, therefore, important to ensure that any results 
obtained in the laboratory environment, accurately reflect those in the field.  It may be 
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necessary to simulate field conditions in the laboratory as accurately as possible in order to 
provide data that accurately represents that in the field. 
 
Models of human responses to thermal transients have been created (Wang and Peterson 
1992, Jones et al. 1994, Guan et al. 2003, Fiala et al. 2003, Zhang et al. 2004, Zhang et al. 
2010, Kaynakli and Kilic 2005a) but few have been adopted due to their complexity.  Each 
model separates the body into a number of segments which are further split into sub-sections 
representing various components such as clothing, skin, core etc. 
 
Thermal sensation is a rational experience with objective descriptors and depends upon 
thermoreceptor activity (Hensen 1990, Hensel 1982).  Thermal comfort, however, is an 
emotional state with the notion of thermal pleasure and is related to the general state of the 
thermoregulatory system (McIntyre 1980, Hensen 1990).  The differences between these may 
result in different responses in subjective parameters to the environmental change.  The 
measurement of both subjective sensation and comfort is necessary to determine optimum 
environmental conditions in addition to setting limit values. 
 
Chun et al. (2004) state that PMV is not suitable for use in transitional spaces because the 
environment and metabolic rates are dynamic.  However, no comparison was made with any 
sensations of occupants‘ and PMV was dismissed purely because the conditions exceeded its 
recommended limits.  PMV can, however, give an indication of the general thermal 
environment, even though it may not be accurate individually. 
 
Thermoreceptor responses 
Some research has argued that the subjective overshoots observed by (Gagge et al. 1967, de 
Dear et al. 1993, Nagano et al. 2005, Arens et al. 2006a, Arens et al. 2006b, Zhao 2007) are 
the result of thermoreceptors having an increased firing rate (or impulse frequency) immediately 
following a change of environmental conditions.  The greater the difference between the two 
environments the greater the impulse frequency from the thermoreceptor (Hensel 1982, Lv and 
Liu 2007).  These produce a thermal sensation that can be independent from skin temperatures 
in transient situations (Hensel 1982). 
 
In a change from a warmer to a cooler environment, after the initial increase, there is a sudden 
decline in firing rate of cold thermoreceptors and a subsequent increase once more as the body 
attempts to reach equilibrium.  Warm thermoreceptors have been shown to react in proportion 
to temperature change (Lv and Liu 2007) although, Hensel (1982) demonstrated that warm 
thermoreceptors also overshoot.  These changes in thermoreceptor response occur over a very 
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short period of time, approximately 50 seconds.  It is, therefore, difficult to determine the effect 
of thermoreceptors after this point, until steady-state is achieved. 
 
Cold thermoreceptors are slightly larger than their warm counterparts (Lv and Liu 2007) and are 
found closer to the skin‘s surface (Ring and de Dear 1991).  This is the likely cause of the faster 
response rate of cold thermoreceptors to temperature change (de Dear et al. 1993, Lv and Liu 
2007) and the greater observation of overshoots in changes from warmer to cooler 
environments. 
Conclusion 
Whilst there is a body of work examining thermal comfort during transients between buildings or 
between outdoors and buildings, none has measured comfort during transients that involve 
interaction with public transport.  This relationship is unusual because the very nature of using 
public transport is transitory; the passenger‘s aim is not to use the transport but to get from A to 
B.  Therefore, there is likely to be an interaction between physiological and psychological 
parameters that may not reflect those observed in buildings. 
1.5.3 Thermal comfort in vehicles 
Thermal comfort research has predominantly been conducted within buildings where conditions 
are closer to steady-state and do not change significantly during the day.  The vehicle 
environment is, increasingly, the focus of research; however, its environment is very different to 
those in buildings.  Past experiences (Wohlwill 1974) and expectations (McIntyre 1980, Brager 
and De Dear 2001) can affect the perception of thermal environments.  The steady physical 
environment in the laboratory does not reflect vehicle, particularly public transport environments 
(Lin et al. 2010). 
 
The environment within a vehicle is best described as a transient, non-uniform environment 
(Walgama et al. 2006, Cengiz and Babalık 2007, Burch et al. 1991a).  Vehicle conditions can 
change rapidly and are often affected by outside weather conditions more than buildings with 
radiant exchanges, in both the cold and heat having a greater effect (Parsons and Entwistle 
1983).  It is difficult for drivers and passengers to adopt more comfortable positions in relation to 
the heating and ventilating systems (Madsen et al. 1986).  Behavioural thermoregulation is, 
therefore, reduced with the possibility of greater thermal discomfort.  Vehicle interiors frequently 
experience strong vertical and horizontal asymmetries and localised sensations can result in 
thermal discomfort not reflected in PMV (Martinho et al. 2004).  Vehicle passengers can also 
experience localised chilling, non-uniform radiant heat transfer, localised solar irradiation and 
non-uniform air velocities (Burch et al. 1991a).  All these factors result in an environment that 
inherently differs from that experienced in buildings and therefore warrants specific research. 
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It is normally accepted to allow a dissatisfaction percentage of 20% in non-uniform vehicle 
environments rather than the normal 5%.  That is, at least 20% of the occupants will be 
dissatisfied with the environment resulting from the acceptable comfort criteria/range being 
widened by 0.5 either side.  So the acceptable range changed from +0.5 to -0.5 to a new range 
of approximately +1 to -1 (Lin et al. 2010). 
 
ISO 14505, part 3 (2006) details how to conduct an assessment of a vehicle environment.  
Examples are given of relevant subjective scales such as: sensation, comfort, stickiness and 
preference.  It suggests that at least 8 participants should be used in experiments that last a 
minimum of 30 minutes to determine the subjective experience of the environment.  Criteria are 
listed to determine whether or not the environment is within comfort levels these change 
according to the number of participants used in the study. 
 
Sakai et al. (1977 in Kogi 1979) questioned bus users regarding improvements to bus design 
and separated their requirements by topic.  In the environmental category, air cooling and 
heating were the two factors with greatest priority for passenger comfort.  Ensuring thermal 
comfort of the passenger is therefore important in establishing overall comfort throughout the 
journey. 
 
The 6 basic parameters have been shown to integrate in their effect on thermal comfort in 
steady-state conditions.  In the non-uniform conditions of a vehicle however, their magnitudes 
may not be the same.  Madsen et al. (1986) investigated thermal comfort during the warm-up (in 
winter conditions) and cool-down (in summer conditions) of vehicles.  They determined that 
there is a large impact of solar loads in the vehicle cabin.  This was further investigated by 
Hodder (2002) who developed the PMVsolar model.  Sensation increases were shown to be in 
proportion to the amount of solar radiation and the model includes a correction to the normal 
PMV index to account for the effect of solar radiation in vehicles.  In conditions with high solar 
loads, a variable airflow pattern results in the greatest comfort experienced by passengers 
(Hagino and Hara 1992).  It is common for the greatest comfort to result from a transient 
experience. 
 
Lin et al. (2010) examined sensations on short and long bus and train journeys.  They note that 
conditions across the carriage or bus are often non-uniform, particularly from air velocities, with 
some passengers experiencing localised increases or fluctuations in this parameter.  None, 
however, exceeded the maximum 0.8 ms-1 recommended by ASHRAE Standard 55 (ASHRAE 
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2003) even though discomfort was experienced.  Therefore, comfort criteria specified in relevant 
standards may not be applicable in vehicle environments. 
 
Actual mean thermal sensations (AMVs) on public transport are slightly lower than Predicted 
Mean Vote (PMV) and the difference is greater for longer journeys (Lin et al. 2010). This is likely 
to result from the non-uniformity of conditions resulting in sensations that differ from PMV.  
Sensations were collected throughout the year and no seasonal differences were observed, 
however, the experiment was conducted in Taiwan which has a tropical climate.  Sensations in 
the UK may fluctuate seasonally due to the greater differences in outside environmental 
conditions during each season. 
 
Passengers wear clothing appropriate for environmental conditions outside the vehicle with little 
or no adjustments made to adapt clothing for the vehicle environment (Lin et al. 2010).  Longer 
journeys result in passengers wearing higher clothing insulation values, particularly in the range 
of air temperatures 24°C-28°C.  If environmental conditions on the train are set according to 
appropriate building requirements then current conditions may be too warm for the clothing 
insulation of its occupants.  This is because current indoor specifications are set according to 
indoor clothing requirements (i.e. no coats or jackets) whereas train passengers are likely to 
have higher clothing insulation values. 
 
Tanaka et al. (2003) measured sensations at 22°C and -10°C air temperature before entering a 
vehicle with an interior temperature of approximately 30°C.  Results showed that the cooler ‗pre‘ 
condition resulted in cooler sensations on entering the vehicle and a smaller overshoot 
compared with the 22°C.  Sensations in the 22°C pre condition also resulted in the longest time 
to reach steady state, approximately 15 minutes in comparison with the -10°C‘s 5 minutes.  
Larger temperature differences when moving between environments may, therefore, result in an 
attenuated response to the environment with shorter times to reach steady-state.  The paper 
does not state how many participants were used in the study or their ages, only stating that they 
were males ‗in their twenties to forties‘.  It is therefore difficult to determine whether differences 
might occur with other experimental groups. 
 
Models of human responses in vehicles 
Ambs (2002) describes a segmented model of thermal comfort within in a vehicle that calculates 
the subjective sensation of the occupant.  This is one of the few models within vehicle research 
that applies a meaningful descriptor to the model output, a factor that is useful for designers and 
engineers.  The model, VISTEON, utilises work conducted by Brown and Jones (1997) who 
were furthering the work of Gagge et al. (1971).  As the model segments the body into smaller 
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parts, localised sensations can also be calculated; an important factor in non-uniform 
environments such as vehicles. 
 
Kaynakli and Kilic (2005b) describe a model of thermal comfort during the transient warm-up of 
a car that predicts both thermal sensations and skin temperatures.  The model was compared 
against experimental work conducted by Burch et al. (1991a) and is relatively accurate in 
predicting each parameter.  The model does not, however, accurately predict overshoots 
observed in skin temperatures of the hand, pelvis and chest.  In spite of this, the model does 
seem to accurately estimate most other parameters although no comparison with existing 
models (such as PMV) is made. 
 
A manikin was developed by Della Rolle and Romitelli (1993) and equipped with 16 sensors 
across the body to estimate passenger thermal comfort within vehicles.  The manikin was able 
to predict both overall and local sensations; however, it was not validated against experimental 
data from human subjects.  It is, therefore, difficult to determine whether this method is a 
suitable substitution for humans. 
 
Burch et al. (1991b) compared a model that predicts thermal sensation with the existing Gagge 
(Gagge et al. 1971) model.  The ‗Average Thermal Sensation‘ (ATS) model presented in the 
paper is a more accurate reflection of sensations during car warm-up period in winter 
conditions.  Conditions did not, however, exceed comfort votes of +1 and the accuracy of the 
model above this point cannot be determined. 
1.5.4 Train carriage environments 
The train journey has many different features to it; the passenger begins their journey at home 
which is likely to result in relatively comfortable conditions.  The passenger then travels to the 
station via various methods such as walking, cycling, bus or car.  This also results in a variety of 
different thermal experiences en route to the station.  After arriving at the station, the passenger 
then spends a period of time either on the platform on within the waiting area before the train 
arrives.  These areas are more exposed to the outdoor environment and the variety of 
environmental conditions that result from seasonal changes.  The final journey segment 
consists of boarding the train the environment of which is likely to vary according to the type of 
heating and ventilating systems on board.  Trains with air conditioning are likely to have an 
environment that is more similar to that in air conditioned buildings.  Carriages with natural 
ventilation may fluctuate according to the environment outside the train.  This is supposition, 
however, and train environments require measuring and quantifying. 
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Train carriage environments are similar to those in buses (Lin et al. 2010) as, unlike cars, there 
is little opportunity for the passenger to adjust conditions to suit their needs.  There is also a 
high turnover of occupants with passengers boarding and alighting along the route.  This results 
in a variable environment that is dissimilar from those experienced in buildings and cars. 
 
Passenger discomfort limits the use of public transport (Maidment and Missenden 2002) but 
passenger comfort is increasingly being considered by planners and passengers (Kogi 1979).  
There is a general drive to increase passenger thermal comfort by installing trains with air 
conditioning systems (Maidment and Missenden 2002), however, there is also an increasing 
drive to reduce carbon emissions (IMechE 2008).  To establish the optimum conditions for the 
passenger and meet emission requirements, experimental work must be undertaken to 
understand the thermal experience of the passenger. 
 
Much of the research examining thermal comfort on trains has been conducted in China and 
Japan.  Lin et al. (2010) measured thermal comfort on journeys of different durations and noted 
that the facility to adapt clothing is greatly reduced on public transport.  It is, therefore, difficult to 
behaviourally adapt to environmental conditions causing discomfort by adding or removing 
clothing. 
 
Passengers on longer journeys more likely to have higher clothing insulation values (Lin et al. 
2010).  This was thought to result from these passengers taking naps on the journey and using 
coats or jackets as a blanket.  It is possible that there may be differences in behaviour at 
different times of the day as this experiment was conducted outside of the rush hour.  
Passengers travelling during the rush hour may not have space to sit and fall asleep and may 
not wish to for fear of not waking up at their destination.  It cannot, therefore, be inferred that rail 
passengers in the UK will also behave in this manner but an understanding of different 
passenger types can give insight into their behaviour and the way they travel.  For instance, 
passengers travelling during rush hour in the UK are likely to be commuters or business 
travellers and will be dressed accordingly.  Passengers travelling outside these times are more 
likely to be leisure travellers and may be dressed differently, with ensembles suited to their final 
destination.  UK rail passengers are more likely to read or look out of the window (16% of 
passengers respectively) than sleep on train journeys (4%) (Passenger Focus 2010); 
behaviours, therefore, differ significantly between these ethnic groups. 
 
Train environments need to be tailored to the type of passenger (Ford 1988) of which there are 
3 types: 
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1. Medium to long distance travel – thermal comfort should be set for people in light indoor 
clothing and having occupied the carriage for at least 1 hour; 
2. Short distance – conditions should be designed for people in outdoor clothing and 
having occupied the carriage for at least 30 minutes; 
3. Peak hours – conditions should be designed for people wearing a typical business suit 
and outer garments with passengers occupying the carriage for 20 minutes.  Special 
attention should be paid to relative humidities at high air temperatures. 
Ford identifies that different types of passengers will have different needs and expectations and 
a ‗one size fits all‘ approach may not be appropriate. 
 
One of the few experiments conducted on trains in the UK was by Nicol et al. (1973).  They 
measured both sensation and thermal comfort in three different environmental conditions 
designed to simulate a train in failure conditions.  The study determined that passenger comfort 
conditions were similar to those observed in buildings.  The limits set in this paper are reflected 
in ISO 13129 (2002) and ISO 14750 (2002).  However, as the experiment was designed to 
assess sensations in failure or degraded situations, they may not reflect those experienced on 
actual journeys.  Furthermore, train carriage designs have evolved since the experiment was 
conducted and results may no longer be applicable. 
 
Generally, wider comfort limits are allowed on public transport (Nicol et al. 1973, Parker 1972) 
with an allowable limit of at least 25% of passengers in thermal discomfort.  Ideally, on longer 
train journeys, a greater number of passengers will be in thermal comfort due to the majority 
being in steady-state conditions. 
 
Work undertaken at Loughborough University examined the experience of ‗side-on‘ solar 
radiation (Stennings 2007) and sitting next to cold windows and clothing colour (Underwood 
2006) on trains.  Both researchers conducted experiments in the laboratory and field to 
determine if adaptations to the PMV index could better predict sensations on the train.  ‗Side-on‘ 
solar radiation resulted in a similar increase in sensation to that observed by Hodder (2002) with 
sensations increased in proportion with the amount of solar radiation.  Conversely, cold 
windows result in a decrease in sensation of 1 unit on the sensation scale (Underwood 2006).  
All experiments were conducted in steady-state conditions and, therefore, will not reflect 
sensations immediately after boarding and the subsequent 30 minutes. 
 
The Railway Labour Science Research Institute in Japan commissioned research examining 
factors affecting comfort on trains (1969 in Kogi 1979).  Three areas causing discomfort were 
identified: 
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1. Physical postural – discomfort resulting from poor posture due to limited leg room, 
uncomfortable seats etc; 
2. Mental – psychological factors relating to the journey e.g. worries about destination, 
aggravation from other passengers; 
3. Environmental – discomfort cause by noise, temperature, vibration and spatial 
limitations. 
These factors vary in importance according to the type of train, length of journey and journey 
purpose.  Therefore a commuter, travelling for an hour, on an air-conditioned train is likely to 
have different priorities and causes of discomfort to a leisure passenger, travelling for 30 
minutes in a naturally ventilated carriage.  Despite these factors being highlighted over 40 years 
ago, there has still been very little research in these areas. 
 
Although the environment within the carriage has been identified as a factor that affects the 
overall passenger comfort (Nakano et al. 2006, Sakai et al. 1977, Maidment and Missenden 
2002, Railway Labour Science Research Institute 1969), only Nicol et al. (1973) concluded that 
skin wettedness and trunk sensations were the main drivers of thermal discomfort on trains.  
However, as previously stated, the conditions in this experiment were designed to cause 
thermal discomfort and may not reflect the causes of discomfort in everyday journeys. 
 
The environment on a train station platform is complex and thermal sensation alone is not a 
suitable indicator of thermal comfort in a semi-outdoor environment (Nakano et al. 2006).  Other 
subjective parameters require assessing and it is important for participants to understand that 
questions regard their thermal environment to avoid confounding with other aspects causing 
discomfort. 
 
Behaviour 
Passengers naturally avoid coming into close proximity to other rail users (Evans and Wener 
2007).  As the carriage density gradually increases, people will select positions that maximise 
distance between them and other passengers which may include standing when seats are 
available.  Once the carriage density is so great that this is no longer possible, other behaviours 
emerge (such as minimal eye contact, bodies turned away from other and crossed arms - 
Evans and Wener 2007).  Therefore, an increase in physical discomfort can be selected over 
the greater psychological discomfort of sitting close to someone unknown.  We cannot assume 
that a passenger will be trying to maximise all aspects of comfort at the same time, but it may 
be that a reduction in one type of discomfort (e.g. heat) can have a positive effect on another 
aspect of discomfort (e.g. stress or anxiety). 
 
31 
Involuntary physical proximity to others elevates physiological stress (Middlemist et al. 1976, 
McBride et al. 1965) and may, therefore, result in an increase in skin temperatures resulting 
from the increased arousal.  These factors are important when considering different journey 
types.  Responses may, however, be mitigated by familiarity and adaptation to crowding as 
commuters may be used to crowded conditions and experience normal arousal levels.  Evans 
and Wener (2007) measured saliva cortisol of regular commuters and determined that proximal 
crowding does increase stress.  Therefore, all passengers are likely to experience some form of 
psychological stress and the physiological effects of this in crowded trains. 
Conclusions 
A review of the literature has revealed that the environment within a train carriage is complex 
and non-uniform in nature. 
1. There is a need to measure thermal comfort throughout a train journey to determine if 
and how prior environmental conditions interact with the experience on the train; 
2. Measurement of sensation during the journey is also required as, one sensation has 
generally been recorded in other research, only providing a ‗snap-shot‘ of conditions.  
There is a lack of understanding regarding how sensations change during the journey; 
3. Sensations during the transient change from the platform to the train are likely to 
demonstrate overshoots that are not predicted by the Predicted Mean Vote index; 
4. Following this change, sensations should take approximately 30 minutes to adapt to 
those reflecting steady-state; 
5. Results found in the laboratory may not reflect those in the field.  It will, therefore, be 
important to collect data in the field to determine if the laboratory can accurately reflect 
the field environment. 
Quantification of the thermal experience will require measurement of a number of different 
subjective parameters to determine optimum environmental conditions. 
Train types 
There are many different types of train carriage, each with its own nuances and variations that 
can impact passenger thermal comfort. 
Mainline rolling stock 
There are various different types of mainline rolling stock but most are characterised by having 
carriages with approximately 72 seats (in a class 222 meridian).  Seats tend to be in a 2x2 
layout with a narrow aisle separating them.  Some seats are arranged around a table of four 
while others have a pull-down table from the chair back in front. 
 
Windows line the sides of the carriages but cannot be opened by passengers and cooling is 
provided by air conditioning vents along the ceiling in the middle of the carriage.  Heating vents 
line the sides at feet level. 
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Entry and exit doors are at the end of each carriage and entry to the carriage is normally 
provided by automatic doors next to a luggage area.  Figure 1.3 to Figure 1.5 illustrate 
examples of the mainline rolling stock layout. 
 
Figure 1.3 Mainline rolling stock layout (East Midlands Trains) 
 
Figure 1.4 Air conditioning units on mainline 
rolling stock 
 
Figure 1.5 Heating units below window on 
mainline rolling stock 
Metro (urban and suburban) rolling stock 
Metro rolling stock is designed to carry commuter travellers and carriages are therefore 
designed to carry a higher capacity than the mainline trains.  Seating capacity varies, either in a 
3x2 arrangement with a narrow aisle or 2x2 arrangement with a large aisle separating them. 
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Cooling is provided by releasing openings at the top of windows lining the carriage and heating 
is provided by heating units under seats and along the sides of the carriage. 
 
Metro trains tend to have double doors along the carriage to allow the high volumes of 
passengers on and off the train quickly.  There is a large vestibule area where the doors are 
located. 
 
Figure 1.6 and Figure 1.7 illustrate examples of the metro rolling stock layout. 
 
Figure 1.6 Metro rolling stock (First Capital Connect 
service) 
 
Figure 1.7 Metro heating and cooling 
systems 
Understanding the user and his requirements may be of the greatest value to train operating 
companies as train travel is part of their day-to-day life.  Enhancement in this area of their day 
may not only improve their rail experience but may also increase satisfaction in other areas. 
Conclusions 
1. There has been very little empirical research conducted using human subjects on train 
journeys; 
2. Most research on trains has been conducted in Asia and results are unlikely to reflect 
passenger sensations in the UK because of differences in behaviour and train types; 
3. There is a need to collect subjective information regarding the thermal experience of rail 
passengers throughout a train journey; from platform to destination; 
4. An objective understanding of the current passenger environment is required to 
determine if existing environmental conditions are likely to result in the fewest number of 
thermally dissatisfied occupants. 
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1.5.5 Gender and Age 
Due to the differences in physiology and morphology between genders and as we age, it cannot 
be assumed that males and females and different ages will respond similarly to the same 
environment.  A number of studies have been conducted to determine if there are differences 
and how these impact on the perception of the environment. 
 
Gender 
There is conflicting evidence regarding differences between genders, Rohles and Nevins (1968) 
found that males felt warmer than females but Nevins et al. (1975) found the opposite.  The 
menstrual cycle increases core temperatures by approximately 0.3°C but no effect on 
sensations has been observed resulting from this increase (Cunningham et al. 1978, Shapiro et 
al. 1980).  Fanger (1970) and Cunningham et al. (1978) found no differences between 
sensations and gender but females have displayed a faster response to changes in 
environmental conditions (McIntyre 1980) and are more sensitive to deviations from neutral  
(Fanger 1970, Webb and Parsons 1997, Beshir and Ramsey 1981). 
 
Males demonstrate greater dissatisfaction at higher humidities which is likely to result from their 
higher sweat rates and reduced avenue for evaporation at higher humidities (Nevins et al. 
1975).  It may, therefore, be important to consider male sensations in warmer conditions due to 
their greater level of discomfort. 
 
Age 
Older participants have been shown to prefer warmer temperatures (Nevins et al. 1975) but the 
opposite was found by Fanger (1970) and Rohles and Johnson (1972).  The older females in 
the Nevins et al. experiment (1975) were, on average, 44 years in age, however, some of the 
group were as young as 33.  Their categorisation as older, may, therefore be called into 
question.  However, older females in field conditions, may, adapt their clothing to suit their 
cooler sensations and greater need for warmth (Nevins et al. 1975). 
 
Conclusion 
Many of the differences observed between genders in the field can be attributed to lower 
clothing insulations worn by females.  Conversely, differences observed between ages in the 
laboratory, where participants wear similar clothing, are not found in the field because older 
people generally increase their clothing insulation to reduce cooler sensations. 
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As experiments will deliberately introduce participants to transient environments, a comparison 
of gender may be necessary to ascertain whether there are differences between genders.  This 
may not have any practical significance however, as train carriages are likely to be populated by 
both genders and grouped data should therefore provide the optimum conditions for all. 
1.6 Conclusions 
1. The Predicted Mean Vote (PMV) index will be used to assess the thermal comfort of rail 
passengers 
2. The environment within a train carriage is complex and non-uniform in nature; 
3. There is a need to measure thermal comfort throughout a train journey to determine if 
and how prior environmental conditions interact with the experience on the train; 
4. Quantification of the thermal experience will require measurement of a number of 
different subjective parameters to determine optimum environmental conditions.  
5. Sensations during the transient change from the platform to the train are likely to 
demonstrate overshoots that are not predicted by the Predicted Mean Vote index; 
6. Following this change, sensations should take approximately 30 minutes to adapt to 
those reflecting steady-state; 
7. Results found in the laboratory may not reflect those in the field.  It will, therefore, be 
important to collect data in the field to determine if the laboratory can accurately reflect 
the field environment. 
8. There has been very little empirical research conducted using human subjects on train 
journeys; 
9. Most research on trains has been conducted in Asia and results are unlikely to reflect 
passenger sensations in the UK because of differences in behaviour and train types; 
10. There is a need to collect subjective information regarding the thermal experience of rail 
passengers throughout a train journey; from platform to destination; 
11. An objective understanding of the current passenger environment is required to 
determine if existing environmental conditions are likely to result in the fewest number of 
thermally dissatisfied occupants. 
12. Gender differences are unlikely in steady-state conditions but females may respond 
faster to the transient change of environmental conditions. 
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1.7 Research Aims and Objectives 
The aim of this research is to determine the relationship between the thermal environment on a 
train and thermal comfort. 
 
Research objectives: 
1. To quantify the environments on train journeys including platform, transition and on the 
train; 
2. To evaluate existing thermal comfort models used in buildings for use on trains; in 
particular, the methods described in ISO 7730 (2005) and the Predicted Mean Vote 
index; 
3. To determine the relationship between the thermal environment and thermal comfort 
when moving from one condition to another; 
4. To develop and evaluate an improved model for the prediction of thermal sensation on 
train journeys; 
5. To determine if there are differences in the thermal comfort requirements of males and 
females. 
These issues will be addressed during the programme of work described in this thesis: 
1. Laboratory experiment 1 – addresses the issue of data collection in the field and the 
subjective experience in simulated train environments; 
- 18 participants (9 males and 9 females) attended the laboratory on three occasions 
using a different data collection method each time; 
2. Laboratory experiment 2 – measures sensations following three environmental changes 
on three separate occasions; 
- 24 participants (12 males and 12 females) were exposed to warm, neutral and cool 
environments within a thermal chamber for 30 minutes and were then moved to a 
new, slightly cool environment; 
3. Laboratory experiment 3 – measures sensations following three separate environmental 
changes and the rate of change to reach steady state; 
- 48 participants (22 males and 26 females) were exposed to environmental changes 
of different magnitudes; 
4. Development of a predictive model of sensation in transient conditions – utilises data 
collected in laboratory experiments 2 and 3 to calculate sensation changes following a 
transient condition; 
5. Field experiment 1 – measures subjective thermal comfort when boarding trains; 
- 44 participants (12 males and 32 females) were taken to a local train station and 
recorded thermal comfort on the platform and during boarding; 
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6. Field experiment 2 – measures subjective thermal comfort throughout a train journey 
(platform to destination station); 
- 32 participants (16 males and 16 females) were taken on a return train journey from 
Loughborough to London St Pancras and reported on thermal comfort throughout; 
7. Validation of the predictive model – evaluates the predictive model created from the 
laboratory data and determines its validity for field environments. 
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2 Experimental Methodologies 
2.1 Summary 
This chapter discusses the methodologies and techniques employed during various stages of 
the experimental programme.  The first section of the chapter explores approaches to 
experimentation with human subjects both in the laboratory and under field conditions.  The 
experimental method is discussed including test facilities, equipment and measurement 
techniques; both objective and subjective.  There is also discussion of clothing ensembles used 
during the experiments.  Finally, general laboratory and field procedures are described with 
more specific information located in each relevant chapter. 
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2.2 Introduction 
Measurement of thermal comfort requires knowledge of the physical environment whilst 
recording the subjective experience of it.  For instance, it is not only important to know the 
environment is warm but whether the human experiences it that way and, moreover, whether or 
not they like or dislike it.  There are various international standards detailing the manner of 
administering a thermal comfort assessment.  ISO 7726 (2001) details the basic parameters to 
measure and the minimal characteristics required by the equipment.  ISO 10551 (2001) 
describes how to construct subjective scales to measure the subjective experience of the 
environment. 
 
It is important to consider perception of the environment and record subjective responses as 
context and expectation can affect the subjective experience.  For instance, a person outside 
may find the environment cold and would prefer to feel warmer; however, they may also find it 
acceptable because they are outside and the conditions meet their expectations.  They may 
know that they will move into a more acceptable environment in the near future and knowledge 
that their thermal discomfort will be short-lived may also affect their acceptability. 
 
Using the standards and guidelines for conducting an assessment, it is possible to understand 
the factors affecting an occupant and which ones may cause discomfort.  From this, actions can 
be taken to limit the factors causing discomfort and promote those resulting in comfort. 
 
This methodology section details the different techniques used throughout the thesis which 
consists of 5 experiments: 
1. Laboratory experiment 1 – an experiment to determine the optimum method for 
collecting subjective thermal comfort data; 
2. Laboratory experiment 2 – an experiment to determine thermal comfort when moving 
from one environment to another; 
3. Laboratory experiment 3 – an experiment to determine thermal comfort when moving 
between several environmental conditions; 
4. Field experiment 1 – an experiment to determine thermal comfort when boarding a train; 
5. Field experiment 2 – an experiment to determine thermal comfort throughout a train 
journey. 
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2.3 Investigation techniques 
Thermal comfort is measured in two contexts; in the laboratory under strictly controlled 
conditions and in the field where few parameters can be controlled.  Both techniques are utilised 
in this thesis and they are described here. 
2.3.1 Laboratory experiments with human subjects 
Laboratory experiments allow the experimenter to control and manipulate conditions to produce 
desired responses.  Participants can be placed in thermal chambers that do not allow 
environmental conditions to exceed certain values; this results in a reliable, repeatable method.  
Conversely, experiments in the laboratory lack ecological validity because the participant is in a 
simulated situation that is unlikely to be experienced in reality and results can sometimes be 
difficult to apply to real-life situations. 
 
Laboratory experiments one to three were conducted in the Environmental Ergonomics 
Research Centre at Loughborough University; each involved the use of human participants of 
various ages.  Throughout each of the three experiments environmental and subjective data 
were recorded.  Objective physiological data were also recorded during the second laboratory 
experiment (chapter 4). 
2.3.2 Field experiments with human subjects 
Field experiments are conducted in real-life situations in existing environments where the 
experimenter has little control over the conditions experienced by the participant.  Results from 
field experiments can be difficult to analyse as it is hard to determine cause and effect due to 
the number of confounding variables that can occur.  Field experiments, however, do provide 
ecological validity because the participant is immersed in a real-life situation and results can 
indicate how factors can interact to produce an effect that was not predicted through laboratory 
work. 
 
Although it can be desirable to control as many factors as possible when in the field, (clothing, 
activity etc), the reasons for conducting the experiment in the field can be undermined as the 
conditions move further and further away from reality and more towards laboratory conditions.  
For instance, a group of people wearing the same clothing ensemble in the field may attract 
attention and result in participants feeling conspicuous and uncomfortable.  This may have a 
knock-on effect on subjective responses possibly confounding results. 
 
Two field experiments were conducted, one looking at the effect of boarding a train on thermal 
sensation and the other to measure thermal sensation throughout a train journey (platform to 
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destination).  During the first field experiment, physiological, environmental and subjective 
information were recorded.  During the second experiment, only environmental and subjective 
information were measured to make the experiment as realistic as possible by reducing the 
amount of experimental control. 
 
The research described in this thesis used laboratory and field trials in combination.  This 
provided an understanding of particular factors which were investigated under controlled 
conditions in a laboratory to allow hypotheses to be developed about the prediction of comfort 
over a wide range of conditions experienced by people in railway carriages.  Field trials were 
used to test the hypotheses and validate models of thermal comfort that had been developed in 
the laboratory, 
2.4 Experimental Method 
General outlines of the procedures involved are detailed here with more specific information 
given in the relevant experimental chapters. 
2.4.1 Ethical clearance 
Ethical clearance for field experiments was obtained from Loughborough University‘s Ethical 
Advisory Committee with proposal G08-P5 (Recording of subjective thermal comfort in public 
places). 
 
In addition to the specific field proposal, there are also existing, generic proposals for laboratory 
work.  These proposals include ethical clearance for common practices in the laboratory 
environment such as the application of skin and core temperature measurement.  Generic 
proposals already in place covered ethical clearance for all laboratory studies (G02-P5 – The 
effects of simulated solar radiation of different spectral contents on human thermal comfort, 
G08-P4 – Evaluation of human thermal responses to outdoor conditions, G03-P14 – 
Thermoregulatory effects of cooling in air, and G03-P13 – Thermoregulatory effects of warming 
in air). 
2.4.2 Test facility 
Three different test facilities were used during the laboratory experiments, the layout and design 
of each is detailed in the relevant chapters.  Each laboratory experiment required environmental 
conditions to be controlled within certain parameters and each facility is listed below: 
1. The Trevor Cole Solar Simulation Chamber – Laboratory experiment 1; 
2. The single Environmental Ergonomics Thermal Chamber – Laboratory experiment 2; 
3. The double Environmental Ergonomics Thermal Chambers – Laboratory experiment 3. 
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Trevor Cole solar simulation chamber 
The solar simulation chamber was purposely designed to expose participants to either frontal 
solar radiation (e.g. in a vehicle) or side-on solar radiation (e.g. in a train).  The configuration of 
the room is shown in Figure 2.1with an example of a participant sat in the chamber shown in 
Figure 2.3. 
 
Figure 2.1 Trevor Cole solar simulation chamber 
 
Figure 2.2 Trevor Cole solar simulation 
chamber– laboratory experiment 1 
 
Figure 2.3 Side-on solar radiation configuration – 
laboratory experiment 1 
Participants entered the chamber and were sat in a Fiat Punto car seat.  Solar radiation was 
provided with 4, 1000 Watt metal halide, CSI lamps manufactured by GE lighting. 
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Environmental Ergonomics thermal chamber (single) 
During laboratory experiment 2, the single Environmental Ergonomics thermal chamber was 
used to expose participants to different thermal conditions.  The layout of the room is shown in 
Figure 2.4 to Figure 2.6. 
 
Figure 2.4 Environmental Ergonomics thermal chamber layout (single) 
 
Figure 2.5 Participant sat in thermal chamber – 
laboratory experiment 2 
 
Figure 2.6 Thermal chamber – laboratory 
experiment 2 
Environmental Ergonomics thermal chamber (double) 
The final laboratory experiment utilised the newly installed double thermal chambers in the 
Environmental Ergonomics Research Centre.  Participants were exposed to different 
environments using two thermal chambers.  Figure 2.7 to Figure 2.9 illustrate the chamber 
configuration and layout during laboratory experiment 3. 
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Figure 2.7 Environmental Ergonomics thermal chamber layout (double) 
 
Figure 2.8 Thermal chamber A (double) 
 
Figure 2.9 Thermal chamber B (double) 
2.4.3 Objective measurements 
During each experiment, objective measurements were recorded so conditions could be 
compared with the subjective data obtained.  Each experiment required certain environmental 
parameters to be met to try and elicit specific responses from the participants. 
 
In laboratory experiment 1, the parameters were varied to simulate the differing conditions 
experienced during a train journey.  Sunlight was simulated with solar lamps outside the 
chamber, the effect of which was removed by placing a screen over the outside of the chamber 
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window.  Air circulation and air conditioning were also manipulated during this experiment to 
expose participants to a variety of thermal conditions. 
 
In laboratory experiment 2, participants were exposed to three different environmental 
conditions inside the thermal chamber, on three separate occasions.  Participants then exited 
into an outside area that was temperature controlled with a temporary structure and an air-
conditioning unit.  The environment in this location was kept the same on each experimental 
occasion. 
 
Laboratory experiment 3 utilised the two new thermal chambers in the Environmental 
Ergonomics Research Centre.  Participants were exposed to two different thermal environments 
in the chamber and an uncontrolled environment outside the chamber. 
Environmental measurements 
The four environmental parameters detailed in chapter 1 were measured during each 
experiment: 
1. Air temperature, ta – using 2 or 3 thermistors at different heights (shaded in conditions 
with solar radiation); 
2. Mean radiant temperature, tr – using a 150mm diameter black globe thermometer (tg) at 
head height.  tr was calculated using the equation described in section 1.3.2; 
3. Air velocity – using a Biral hot wire anemometer; 
4. Humidity – using a Vaisala HUMICAP 180 meter. 
Parameters were logged using an Eltek/Grant squirrel data logger measuring at intervals of 
either 1 minute, 10 seconds or 1 second. 
Mean skin temperature 
Skin temperature can be measured using thermocouples or thermistors placed onto the skin at 
specific sites across the body.  Many studies have been conducted determining the optimum 
sites to locate the temperature sensors in order to determine mean skin temperature for the 
whole body. 
 
Site numbers have ranged in number and different weightings are applied to the values 
obtained from the sites, so that an overall value of mean skin temperature can be calculated.  A 
review of the various methods was conducted by Mitchell and Wyndham (1969) and it was 
determined that either the Hardy and Dubois (1938) 12-point method or the Ramanathan (1964) 
4-point method were optimal and produced similar values.  In cold environments, more sites are 
required to estimate overall mean skin temperature as skin temperatures vary across the body.  
In comfortable and hot environments, there is less variation.  Due to the nature of the 
experimental designs, it was determined that the Ramanathan method would be most suitable 
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as it requires fewer sites and less equipment, which is useful in field studies and in situations 
where the participant is required to move location.  As thermal comfort is being investigated it is 
assumed that this method would be an adequate method for estimation of overall mean skin 
temperature. 
 
When using the Ramanathan method, mean skin temperature (tsk) is calculated using the 
following equation: 
                                                                      
2.1 
Where tsk = skin temperature. 
The equation assigns the appropriate weighting values to the different body parts measured 
according to their influence on mean skin temperature. 
 
Skin temperature was measured in laboratory experiment 2 and field experiment 1.  Thermistors 
were attached to the skin at 5 sites according to the 4-point Ramanathan method (Ramanathan 
1964) (see Figure 2.10) with an additional thermistor attached to the hand.  The additional 
thermistor was not included in calculating the mean skin temperature but was used to determine 
if a temperature change in extremities could indicate the magnitude of any sensation change. 
 
Figure 2.10 Thermistor locations 
Thermistors were attached to the skin using Transpore tape manufactured by 3M.  Tape was 
placed over the back of the thermistor and then attached to the skin to ensure that it was 
secured and not affected by air temperature.  Three other pieces of tape were then attached 
over this to make sure the thermistor could not detach from the skin during the experiment. 
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2.4.4 Calibration of equipment 
Thermistors 
Thermistors could not be calibrated in the laboratory; however, they were checked by circulating 
them in a water bath set at two levels; 16°C and 37°C.  Thermistor readings were compared 
with the temperature on a certificated mercury in-glass thermometer accurate to + 0.1°C.  
Thermistors were permitted to have an error of +0.1°C, if values exceeded this then they were 
not used in the experiment. 
Hot wire anemometer 
The hot wire anemometer was made by Biral and calibrated outside Loughborough University 
and certified by the manufacturer. 
Humidity probe 
The humidity probe was made by Vaisala chip anemometer calibrated outside Loughborough 
University and certified by the manufacturer. 
2.4.5 Determining equipment time constants 
Experimental work was conducted prior to the field investigations to determine how long the 
equipment took to accurately measure the environment.  The time constant of an instrument is 
the time taken to reach 1-1/e (approximately 63.2%) of its final value.  Therefore, the longer the 
time constant the longer the instrument takes to reach a steady-state value.  In situations where 
equipment is rapidly moving between environments, instruments must respond quickly to the 
change. 
 
A number of tests were conducted where the environmental measuring equipment was moved 
between environments with different temperature gradients.  The thermal chamber was set to 
an air temperature of 5°C with the temperature of the air outside the chamber at approximately 
15°C.  Figure 2.11 to Figure 2.16 are graphs from one of the experiments determining the time 
constants for the equipment.  One set of equipment was left in each location so the equipment 
being moved between environments could be compared with actual values in each location.  
This equipment was termed ‗steady-state‘ and is represented by the solid lines on the graphs.  
The equipment moved between the environments was termed ‗moving‘ and is represented by 
the dashed lines. 
 
Globe temperature (tg) and air temperature (ta) were measured during this experiment as there 
was concern that, particularly the globe thermometer, would take a significant amount of time to 
reach equilibrium.  Globe temperatures are represented by the blue lines in the graphs and air 
temperature is shown in red. 
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Figure 2.11 Equipment temperature change 
warm to cold (1) 
 
Figure 2.12 Equipment temperature change cold 
to warm (1) 
 
Figure 2.13 Equipment temperature change 
warm to cold (2) 
 
Figure 2.14 Equipment temperature change cold 
to warm (1) 
 
Figure 2.15 Equipment temperature change 
warm to cold (3) 
 
Figure 2.16 Equipment temperature change cold 
to warm (1) 
 
The experiments determined that although thermistors adapt to the environmental conditions 
within 30 seconds, the black globe thermometer takes in excess of 7 minutes to reach steady-
state.  Table 2.1 shows the time constants for the globe and thermistor, and it can be seen that 
the equipment takes longer to adapt when going from a cooler environment to a warmer one.  
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This is an important factor to consider during field experiments as actions need to be taken to 
limit the impact of this on the experiment. 
Table 2.1 Equipment time constants 
Direction of movement Globe time constant 
(secs) 
Thermistor time 
constant (secs) 
Cold to warm 107.33 15.33 
 10.69 0.58 
Warm to cold 196.33 12.67 
 56.54 1.15 
ALL 151.83 14.00 
 60.83 1.67 
2.4.6 Subjective measurements 
Subjective measurements of thermal comfort were recorded throughout each experiment at 
time intervals of 5 or 15 minutes.  Values were either recorded by the participant (Laboratory 
experiments 1 and 3 and Field experiments 1 and 2) or the experimenter (Laboratory 
experiment 2). 
 
Subjective responses were recorded using three methods: 
1. Paper – Laboratory experiments 1 and 3, Field experiment 2; 
2. Voice recorder – Laboratory experiment 1 and Field experiments 1 and 2; 
3. Personal Digital Assistant – Laboratory experiment 1. 
Field experiment 2 required a mixed-mode approach due to the different environments 
encountered during the experiment and the responses from participants in Laboratory 
experiment 1.  A combination of the voice recorder and paper-based methods was used to 
record subjective thermal comfort responses. 
Thermal sensation 
Thermal sensation, i.e. feelings of heat or cold, is measured with the use of subjective scales.  
Generally, participants are provided with a number of descriptors and are asked to select the 
one that matches how they feel at that moment. 
 
Yaglou (1927) created one of the first subjective scales determining the comfort zone for men at 
rest and stripped to the waist.  The scale is shown in Figure 2.17 and consists of 5 points from 
‗cold‘ to ‗too warm‘.  Although the scale extends to either end of the spectrum of sensation, it is 
confounded by the terms ‗comfortable‘ and ‗too‘.  Subjects are not making a judgement of their 
sensation alone but are assessing whether they are also comfortable at that particular 
sensation.  The term ‗too warm‘ is not reflected at the opposite end of the scale in that there is 
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no ‗too cool‘ option, instead, the scale continues straight from ‗comfortably cool‘ to ‗cold, 
conversely, there is no ‗hot‘ option mirroring the ‗cold‘. 
 
Figure 2.17 Yaglou (1927) sensation scale 
 
Figure 2.18 Bedford (1936) sensation scale 
Bedford‘s (1936) scale of sensation (see Figure 2.18) also uses the term ‗comfortable‘ once 
again confounding sensation with comfort.  In spite of this, this scale has been widely used by a 
number of studies. 
 
The ASHRAE and ISO 7730 (2005) scales (see Figure 2.19) use the same descriptors but a 
different numbering system.  Participants can select the associated descriptor and this is then 
related to a number, enabling statistical analysis.  The descriptors can also be arranged on a 
line that allows people to mark in-between values producing a type of Likert scale rather than 
discrete data points. 
 
Figure 2.19 ASHRAE and ISO 7730 sensation scales 
The ASHRAE (2003) and ISO 7730 (2005) scales can be extended to include values for more 
extreme situations such as when outside in the summer or winter.  The terms ‗very‘ and 
‗extremely‘ are used to precede the terms ‗hot‘ and ‗cold‘ to extend the scale to either 9 or 11-
points. 
 
An extended scale is described in Givoni (1976) (see Figure 2.20) and ISO 10551 (2001) also 
describes terms to extend the scale shown in Figure 2.19 to either 9 or 11 points. 
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Figure 2.20 Extended scale proposed by Givoni (1976) 
After an understanding of how people feel in a particular environment is ascertained, it is 
possible to determine conditions which will produce sensations that result in thermal comfort.  
However, it can be difficult to determine the optimum conditions for comfort using sensation 
alone and it cannot be assumed that people want to feel neutral (Humphreys and Hancock 
2007). 
 
Generally, comfortable conditions are those within +1 and -1 using the ISO 7730 scale in Figure 
2.19, however, this can be extended to a range between +2 and -2 to determine which 
conditions will definitely result in discomfort for most occupants (Gagge et al. 1967). 
 
The ISO 7730 (2005) scale (Figure 2.19) will be used in experiments described in this thesis 
with any necessary increases to the scale adhering to recommendations within the standard. 
Thermal preference 
The thermal preference of people in an environment can also be determined with the use of 
subjective scales where participants mark on the sensation scale how they would prefer to feel.  
A specific preference scale can be used such as that proposed by McIntyre (1980) where 
participants were required to state whether they would prefer to be ‗warmer‘, ‗no change‘ or 
‗cooler‘.  It is possible to determine the optimum conditions when the percentage of people 
wanting it to be warmer, crosses the line representing the percentage of people wanting it to be 
cooler. 
 
The preference scale can also be extended in a similar way to that applied to the sensation 
scale; Figure 2.21 illustrates the preference scale used during this experiment and is 
recommended by ISO 10551 (2001).  Participants were allowed to select any point on the scale 
to determine any subtle changes in preference.  Values can be assigned to the terms to allow a 
statistical analysis of the results to be produced. 
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Figure 2.21 Thermal preference scale recommended by ISO 10551 (2001) 
The preference scale outlined in Figure 2.21 will be used to determine participant preferences in 
all experiments. 
Thermal pleasantness 
The notion of thermal pleasure has been proposed by both McIntyre (1980) and Cabanac 
(1992).  Pleasure is a dimension that is difficult to measure and create because it generally 
requires a relief of thermal discomfort and cannot therefore occur in neutral environments.  It is, 
therefore, likely to occur in transient conditions before steady-state is reached. 
 
Mower (1976) used a scale of thermal pleasantness to determine the pleasure produced by 
immersing hands in water baths.  The scale used is shown in Figure 2.22 and required 
participants to rate on a scale of 1-9, their thermal pleasure. 
 
Figure 2.22 Pleasantness scale used by Mower (1976) 
Pleasantness was measured in the experiments described in this thesis using a 7-point scale 
(see Figure 2.23) where participants were allowed to select values in between the descriptors.  
Either a descriptor or numerical value were valid responses to these criteria. 
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Figure 2.23 Thermal pleasantness scale recommended by ISO 10551 (2001) 
Thermal comfort, stickiness and draught 
Thermal comfort can be predicted by skin wettedness, which is a measure of moisture on the 
skin‘s surface.  If a magnitude estimation of discomfort is used and plotted against skin 
wettedness, the two are closely correlated (Gonzalez and Gagge 1973).  A scale of comfort was 
used in this thesis that is suggested by both ISO 10551 (2001) and ISO 14505 (2006).  It has 
also been applied in vehicle research by Hodder (2002) and the research conducted on trains‘ 
by Underwood (2006) and Stennings (2007).  The scale uses 4 levels of discomfort with the first 
level describing the participant as ‗not uncomfortable‘.  Participants in the experiments 
described in this thesis were required to increase scores as their levels of discomfort increased 
and were allowed to select any value on the scale. 
 
This body of work also measured stickiness and draught (Figure 2.25 and Figure 2.26) using a 
similar 4-point scale to comfort.  Once again, participants could select the appropriate number, 
descriptor or value in between that corresponded with how they were feeling. 
 
Figure 2.24 Thermal comfort scale 
(Hodder 2002) 
 
Figure 2.25 Stickiness scale 
 
Figure 2.26 Draught scale 
2.4.7 Clothing 
Throughout the experiments participants either wore their own clothing or a standardised 
clothing ensemble.  The clothing ensemble consisted of a t-shirt (100% cotton), jumper (70% 
cotton, 30% polyester) and jeans (100% cotton) in addition to their own underwear and trainers 
(see Figure 2.27 and Figure 2.28 for example).  The estimated clothing insulation provided by 
the ensemble is 0.96 Clo (0.149m2°C/W). 
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Figure 2.27 Clothing ensemble (front) 
 
Figure 2.28 Clothing ensemble (back) 
If participants were required to attend more than one experimental session in their own clothing, 
they were required to keep the same ensemble for the entire experiment. 
2.4.8 Summary of measurements 
This section summarises the measurements taken in each experiment. 
 Parameter Lab 1 Lab 2 Lab 3 Field 1 Field 2 
Objective Air temperature, ta (°C)      
Globe temperature, tr (°C)      
Air velocity, v (ms-1)      
Relative humidity, RH (%)      
Mean skin temperature, tsk (°C)      
Clothing controlled?      
Subjective Sensation      
Preference      
Pleasantness      
Comfort      
Stickiness      
Draught      
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2.4.9 Statistical tests – effect sizes 
Statistical significance does not reflect the degree to which the two parameters are associated 
and therefore, there may be little practical significance.  Effect size determines how important 
the finding is and is the strength of association between the parameters. 
 
All statistics in the results section are reported with their calculated effect size and the effect 
size calculation is different for parametric and non-parametric data.  Table 2.2 shows the limits 
for the different calculations and their associated effect. 
Table 2.2 Explanation of effect sizes 
Partial eta squared Cohen’s d (r) Effect 
0.01 0.20 Small 
0.06 0.50 Medium 
0.14 0.80 Large 
The SPSS computer programme used to calculate statistics automatically calculates partial eta 
squared for any form of ANOVA conducted.  However, eta squared for t-tests and Cohen‘s d for 
non-parametric tests must be calculated separately, equations 2.2 to 2.4 detail how this is 
conducted: 
Eta squared – for t-tests 
             
  
            
 
2.2 
Where t is the statistic calculated by SPSS and N1 and N2 are the numbers of participants in 
each of the two groups 
 
Mann-Whitney U test 
   
 
  
 
2.3 
Where z is the statistic calculated by SPSS and N is the total number of cases. 
 
Wilcoxon Signed rank test 
   
 
  
 
2.4 
Where z is the statistic calculated by SPSS and N is the total number of observations. 
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2.5 Procedure 
Although the five experiments were slightly different in their design, each shared common 
procedural processes.  These are explained in brief here with a more detailed explanation in 
each relevant chapter. 
2.5.1 Laboratory 
Once participants arrived at the laboratory, the experimental procedure was explained and any 
questions answered.  If the participant agreed to take part, they were then given a consent form 
and health questionnaire to complete (see Appendix A).  Once consent had been given and it 
was ascertained that the participant had no health issues that might be affected by the study or 
might affect the results of the study (e.g. illness), the experiment began. 
 
Initially, the subjective scales (see Appendix B) were explained to the participant, they were told 
that they could make full use of each scale and select values in between those marked on the 
sheet if they wished.  The experimenter checked at this point that the meaning and descriptors 
on each scale were understood and the experiment was started. 
2.5.2 Field 
The procedure for Field experiment 1 followed the same initial procedure as the laboratory 
procedures, with participants arriving at the Environmental Ergonomics Laboratory at 
Loughborough University.  Once participants had completed the relevant forms and were 
supplied with the appropriate equipment, the experimental group left the University and travelled 
to the field location where the experiment commenced. 
 
As the procedure for Field experiment 2 did not require participants to wear a standardised 
clothing ensemble or thermistors, participants were met at Loughborough railway station where 
the relevant completed forms were submitted to the experimenter.  Participants were then 
supplied with voice recorders and scale sheets and the experiment began. 
2.6 Conclusion 
A general procedure for conducting laboratory and field experiments has been described in this 
chapter.  Some experiments required slight variations in procedure and equipment; these are 
explained in each relevant chapter.  These methods, equipment and procedures will be used to 
investigate thermal comfort on train journeys. 
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PART 2 – LABORATORY EXPERIMENTS 
 
 
 
 
 
3 A methodological investigation examining the optimum 
methods of data collection on train journeys 
3.1 Summary 
Before experiments measuring thermal comfort can take place, an appropriate data collection 
method is required.  This chapter describes a laboratory experiment conducted to determine an 
optimum method for collecting subjective thermal comfort information on a train journey.  The 
experiment took place between February and May 2007. 
 
18 participants (9 males, 9 females) attended the laboratory on three occasions using a different 
data collection method each time.  The three methods used during the study were: (1) Paper 
questionnaire, (2) Personal Digital Assistant (PDA) and (3) Voice recorder.  Methods 2 and 3 
were compared against the paper questionnaire as this has been the predominant method of 
applying subjective data gathering in prior research and can be considered the benchmark for 
comparison. 
 
Each participant spent an hour in the thermal chamber and was asked to report on thermal 
comfort immediately on entering and at 15 minute intervals.  At the end of the study participants 
were asked to compare the methods using a number of criteria. 
 
The experiment determined that participants scored equally when using each of the methods 
and there was no difference between them.  Participants stated that they would prefer to use 
the PDA on a train journey as it would give them more privacy than the other two methods, in 
addition to allowing them to blend in with other rail users.  The voice recorder was the least 
favoured method for use on a train journey; due to the topics under discussion and the 
perception that other train users would be able to overhear recordings. 
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3.2 Introduction 
Traditionally, measurement of subjective thermal comfort has been carried out using paper-
based questionnaires (Underwood and Parsons 2005, McIntyre and Griffiths 1975, Griffiths and 
McIntyre 1974, Arens et al. 2006, Hodder 2002, Stennings 2007).  However, the paper method 
may not be suitable under certain journey conditions (e.g. inclement weather, when standing on 
a platform or getting on and off the train) and alternative methods of data collection were 
examined. 
 
Personal Digital Assistants (PDAs) have been increasingly used in research to acquire 
subjective information (Bernhardt et al. 2007, Dale and LeFlore 2007, Jamison et al. 2001, 
Raymond and Ross 2000, Trapl et al. 2005) They may be more appropriate for use on trains as 
there are less cumbersome than the paper equivalent.  They can also significantly reduce 
transcription time.  In addition, missing data can be eliminated and entries can be time and date 
stamped enabling detection of entries completed retrospectively.  Thus a more complete picture 
of the data can be produced. 
 
Verbal reports have also been used in research (Ericsson and Simon 1980, Bainbridge and 
Sanderson 2005, Ryan and Haslegrave 2007b)  as they can provide a rich data source as well 
as extending the potential experimental population to those with limited reading and writing 
skills.  Verbal reports are also a way of capturing subjective responses when paper-based or 
PDA systems are impractical to use such as when walking.  Voice recorders are the easiest 
method of collecting verbal reports as they do not require an observer to write down responses. 
 
The experiment described in this chapter aimed to determine whether PDAs and voice 
recorders are suitable for collecting thermal comfort information on train journeys.  They were 
compared with the existing paper-based method to establish their accuracy and ease of use.  
The experiment was also designed to establish which method would be most preferred by 
participants‘ for use on lone train journeys i.e. when an experimenter is not present.  Genders 
were compared to determine if method preference and responses differed between males and 
females. 
3.2.1 Preliminary investigations 
Prior to conducting the experiment comparing the three methods, initial investigations were 
made to determine suitable and meaningful questions to ask about a person‘s train journey.  
Considerations were made for all journey parts (home, travelling, on the platform and train) and 
the aspects of each that could affect thermal comfort.  In addition to this, standard questions 
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regarding thermal comfort were also asked (subjective scales of: Sensation, Comfort, 
Stickiness, Draught, Preference, and Pleasantness, see Figure 3.1). 
 
Four questionnaire users were required to use the scales and enter appropriate scores in a 
table provided (see Figure 3.2); the whole questionnaire can be found in Appendix C.  The 
questionnaire was formed into a paper booklet and tested on three train journeys to establish its 
effectiveness in determining thermal comfort levels.  From these preliminary tests it was noted 
that paper may not be the optimum method for obtaining this information.  The method was 
unsuitable in wet or windy weather conditions on station platforms and required a hard surface 
to write on.  Alternative methods of data collection were therefore examined. 
3.2.2 Experiment aims and objectives 
The aim of this experiment was to determine the optimum method for the collection of subjective 
thermal comfort data on train journeys.  An additional aim was to determine the methodological 
implications of collecting data in a field environment by simulating conditions in the laboratory. 
 
Experimental objectives: 
1. To compare different data collection methods and determine whether they can be used 
interchangeably – this will be accomplished by comparing subjective votes across each 
method and by comparing results with an existing index of thermal comfort; 
2. To determine which method is most preferred by participants for use on train journeys – 
this will be accomplished by asking participants to rate each method on its ease of use 
and their preference; 
3. To determine if there are differences between male and female subjective scores when 
using each method – subjective scores will be compared to determine if there are 
differences between the methods. 
3.3 Data Collection Methods 
An aim of this research is to assess, in the field, people‘s responses to the different thermal 
environments encountered on a rail journey.  As this journey may involve various different 
locations, trains and activities, the method used must be suitable for use in the majority (if not 
all) situations.  It is for this reason that different methods of acquiring subjective information 
were examined. 
 
As technology expands and becomes cheaper to purchase, different methods of data collection 
become available to researchers.  Traditionally subjective data has been collected with the use 
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of paper-based questionnaires and forms.  Recently however, especially with the expansion of 
qualitative research, other methods are being employed to obtain information. 
3.3.1 Paper-based methods 
Paper-based methods of data collection have been traditionally used as it can be the easiest 
method of distribution to a large number of respondents as well as requiring minimal training on 
how to complete the forms. 
 
Many studies have used the paper-based questionnaire to evaluate thermal responses in 
various environments (Underwood and Parsons 2005, Stennings 2007, Hodder et al. 1998, 
Hodder and Parsons 2007, Hodder and Parsons 2008, Parsons 2005, Parsons et al. 2005, 
Underwood 2006, Vaughan et al. 2004).  The method has therefore been used with accuracy 
(when results are compared with the Predicted Mean Vote index) and is considered to be a 
valid method for obtaining information. 
 
For the purposes of the research detailed in this chapter, the paper method can be considered 
to be the method to which the other two should be rated against. 
3.3.2 Verbal methods 
Various methods can be employed to obtain data verbally: 
 Focus group – a group of people discussing a particular topic (can be structured on 
un-structured); 
 Interviews – one-on-one discussion (can also be structured or un-structured); 
 Verbal protocol – a person describes a task and their thoughts about it whilst 
carrying it out. 
Generally, when an experimenter does not want to affect the task being carried out, a verbal 
protocol is employed. 
 
Most verbal protocol methods require participants to be trained in the technique of ‗thinking 
aloud‘.  A protocol reports the mental processes that are going on throughout a task to give 
experimenter an understanding of the cognitive process going on (Bainbridge and Sanderson 
2005).  This informal technique allows participants to discuss any issues that occur to them, and 
a rich source of data can be obtained (Bryman et al. 1988). 
 
Due to the informal administration it can therefore be difficult to obtain consistency in responses 
between participants.  This inconsistency in response would not be practical in this study as 
subjective aspects about the thermal environment require commenting using validated scales to 
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quantify the environment.  It would therefore be advisable to include a prompt sheet or cue card 
to remind participants of the different elements they need to discuss. 
 
Ryan and Haslegrave (2007a) identify the problems with verbal protocol detailed in Ericsson 
and Simon (1980): 
 Difficulties reporting all thoughts occurring during the time; 
 Problems putting thoughts of perceptual-motor tasks into words; 
 Limitations in recalling all thoughts; 
 Effects of concurrent reporting on subsequent retrospective reports. 
 
Transcription and coding of verbal protocol data is lengthy and often intuitive (Ryan and 
Haslegrave 2007a) still this can be a strength (Coffey 1996) as different thoughts can grow from 
the data as it is analysed.  However, this can result in data requiring re-coding increasing data 
handling time (Ryan and Haslegrave 2007a).  Additionally data collected can sometimes be 
difficult to code as the meaning and terminology can be ambiguous (Ryan and Haslegrave 
2007a). 
 
When repetitive tasks were carried out in the study conducted by Ryan and Haslegrave 
(2007a), it was noted that participants may not have repeated the thoughts each time the task 
was carried out (Ryan and Haslegrave 2007b) this is further observed by Schwartz (1999) .  
Schwartz refers to the ‗maxim of quantity‘ which is proposed by Grice (1975), participants will 
only comment as much as they are required to do so and will not repeat information that has 
been already reported. 
 
A problem with repeated measures design is that comments can be made in a subsequent trial 
that are based on information from the previous trial (Ryan and Haslegrave 2007a). 
3.3.3 Electronic methods 
There are different variations of electronic data collection methods: 
 Web-based surveys 
 Questionnaires on Personal Computers 
 Laptops and Personal Digital Assistants (PDAs). 
The first two methods require an internet connection and a fixed point for the computer to be 
located and are therefore not suitable for use on journeys. 
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Laptops and PDAs allow more flexible use as they are portable and come with their own power 
systems.  A laptop allows full PC functionality however is relatively expensive and bulky when 
compared with PDAs (although netbooks and iPads are smaller and may benefit from 
research). 
 
PDAs are advantageous when compared with laptops and computers as they are small and 
portable but also allow physical control over the privacy of answers (Trapl et al. 2005). 
 
Many studies have been conducted comparing tried and tested paper-based methods with 
electronic versions of the same method.  Advantages highlighted are: 
1. They can be used with a wider population as the program can be set so that it can be 
displayed in more than one language (Ryan et al. 2002); 
2. Entries can be time and date stamped – it is therefore possible for the researcher to 
detect if entries have been completed retrospectively and the data can then be viewed 
with caution; 
3. They can be programmed to prevent the user from looking at past entries – this can 
prevent the participant from comparing one situation with another; 
4. Missing data can be eliminated – by preventing the user from continuing with the 
questionnaire without giving an answer; 
5. Selections can be pre-coded – e.g. so that only one answer can be selected; 
6. Help options can be included – e.g. to explain any terms; 
7. Simplified data handling – as the questionnaire is already in an electronic format 
transcription time is minimised.  Checking for keying errors can also be eliminated. 
(Drummond et al. 1995) 
8. PDA‘s are advantageous when compared with laptops and computers as they are small 
and portable but also allow physical control over the privacy of answers (Trapl et al. 
2005). 
 
Under-reporting of behaviours can be an issue in research and some studies have shown that 
honesty increases when using a PDA based method (Trapl et al. 2005).  However, others 
disagree and state than honesty of reporting behaviours is not increased (Ann Yon et al. 2006). 
 
It is important that electronic methods are evaluated against their paper counterparts, for 
instance Trapl et al. (2005) used various performance measures to determine the effectiveness 
of the method: 
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 Time to completion 
- Mean and median time 
 Data quality 
- Missingness – the percentage of missing data was calculated 
- Consistency – internal consistency of responses 
These measures are similar to those used by others comparing the two methods 
 
Problems occurring with electronic based methods tend to lie in the software (e.g. software 
failure) or in battery life.  It is therefore important to ensure that software is rigorously tested and 
that batteries are fully charged prior to experimental use. 
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3.4 Experimental Method 
3.4.1 Methods 
Three methods were chosen for comparison: 
1. Paper-based questionnaire; 
2. Voice recorder; 
3. Personal Digital Assistant (PDA). 
Within each method, there are a number of different approaches which could be taken in their 
design.  The optimum approaches available were chosen and developed.  The following 
sections describe each method and how it was administered. 
Paper questionnaire 
The paper questionnaire consisted of an A5 booklet, similar to that used in the preliminary trials; 
participants were required to either select their answer from pre-coded responses or to write 
answers in the relevant space.  The thermal scales in Figure 3.1 were presented on the front of 
the booklet and participants wrote the score in the table provided (Figure 3.2).  Each journey 
section was separated onto a different page to enable participants to clearly differentiate 
between the separate sections in addition to limiting participants using their previous score as a 
reference for subsequent scores. 
 
Figure 3.1 Thermal comfort scales 
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Figure 3.2 Thermal comfort score table 
Voice recorder 
A Philips Voice Tracer 7655 (Figure 3.3) was used to record the verbal reports.  In addition to 
the thermal comfort scales (Figure 3.1), the voice recorder required a prompt sheet to remind 
participants of other information to provide (see Figure 3.4).  The thermal scales were located 
on the reverse of the sheet where participants stated either the value (e.g. ‗2‘) or the associated 
label (e.g. ‗warm‘).  Each journey section was recorded in a separate file for ease of analysis. 
 
Figure 3.3 Philips Voice Tracer 
7655 
 
Figure 3.4 Voice recorder prompts 
Personal digital assistant 
The Personal Digital Assistant (PDA) used in the experiment was an HP iPAQ 114 Classic 
Handheld (Figure 3.5) utilising Windows Mobile 6 operating system. 
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Figure 3.5 HP iPAQ 114 Classic 
 
Figure 3.6 Thermal comfort scales for PDA 
The questionnaire on the PDA was located in a Microsoft Excel workbook and was identical to 
the paper-based questionnaire.  Participants were required to type their answers in the relevant 
sections using the stylus and on-screen keyboard.  The PDA also had a prompt sheet showing 
the thermal scales (see Figure 3.6).  The separate journey sections were located in different 
worksheets which were labelled accordingly (Before journey start, On the Train (1) etc). 
3.4.2 Design 
A repeated measures, counterbalanced design was employed.  Each participant attended the 
Environmental Ergonomics laboratory at the same time of day on three occasions to ensure 
responses were not affected by circadian rhythm.  The participants used each data collection 
method in turn, with the order of methods fully counterbalanced (see Table 3.1). 
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Table 3.1 Order of methods for each participant 
Participant Voice recorder PDA Paper 
1 1 2 3 
2 3 2 1 
3 3 1 2 
4 2 3 1 
5 3 2 1 
6 1 2 3 
7 3 1 2 
8 1 3 2 
9 3 2 1 
10 2 1 3 
11 3 1 2 
12 1 3 2 
13 2 1 3 
14 1 2 3 
15 2 3 1 
16 1 3 2 
17 2 3 1 
18 2 1 3 
Measures of performance 
To allow the methods to be compared, performance criteria were set prior to the experiment.  
There were 3 criteria: 
1. Preference and usability – assessed with questionnaires after test sessions 2 and 3; 
2. Accuracy – errors in data recording e.g. missing data; 
3. Time – the time taken for each participant to complete the method was recorded.  As 
learning and practice are key to using each of the three methods, the final time taken 
was used for comparison. 
3.4.3 Subjects 
18 participants (9 males, 9 females – see Table 3.2 for mean age) took part in the experiment 
and were recruited from Loughborough University.  In return for taking part in the experiment, 
each participant received a 1GB USB flash drive.  Participants wore their own clothing 
ensemble which was the same on each occasion. 
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Table 3.2 Mean age of participants (SD in brackets) 
Subjects Age (years) 
Male (9) 30.88 
(10.70) 
Female (9) 22.46 
(1.66) 
ALL (18) 26.67 
(8.60) 
3.4.4 Apparatus 
Throughout the experiment, four environmental parameters were measured: 
1. Air temperature – measured using 3 thermistors alongside the seat (at sitting head, 
elbow and feet height, see Figure 3.7) to obtain a profile of temperatures along the body.  
To prevent the thermistor temperature increasing through radiation from the lamps, they 
were shielded.  As the thermistor at the feet was in the shade, it was not necessary to 
shield this thermistor; 
2. Globe temperature – 150mm diameter globe thermometer, 1, positioned at the sitting 
head height of the participant.  To ensure their safety, participants were asked to wear 
protective goggles throughout the solar exposure elements of the sessions; 
3. Humidity – Vaisala HUMICAP 180 meter,  1, measured at the sitting elbow height of the 
participant; 
4. Air velocity – Biral hot wire anemometer, 1, measured at the sitting elbow height of the 
participant; 
5. Eltek/Grant squirrel data logger – 1, logging environmental conditions; 
6. Compact Source Iodide (CSI) lamp – 4x1000 Watt to provide solar radiation 
7. Philips Voice tracer 7655 and scale sheet – 1; 
8. HP Classic 114 handheld and prompt sheet – 1; 
9. Questionnaire booklet – 1; 
10. iPod – 1; 
11. JBL On Stage II speaker – 1, a recording of train noises (acceleration, people talking, 
ticket inspector) was played to imitate the experience of being in the train carriage as 
well as ensuring that the participant‘s voice could be heard on the voice recorder, over 
any potential background noise; 
12. Clock. 
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Figure 3.7 Lab experiment 1 equipment locations 
3.4.5 Environmental Conditions 
Participants were exposed to the same environment on each of the three test sessions.  This 
aimed to eliminate chamber conditions as a variable and ensure that any differences in the 
subjective data were due to the method being used and not the environment. 
 
Prior to the participant entering the chamber, the room had to satisfy certain parameters (see 
Table 3.3), once these were met, the experiment could begin.  The temperature gradient along 
the body is representative of that experienced on a train with the torso alongside the window, 
possibly exposed to solar radiation, and the legs protected from it. 
Table 3.3 Environmental parameters at experiment start 
Measure  
ta (head) (°C) 27.60 
ta (elbow) (°C) 23.35 
ta (feet) (°C) 21.70 
tr (°C) 34.85 
Relative humidity (%) 20 
Air velocity (ms-1) <0.15 
The environment inside the thermal chamber was fluctuated during the hour to reflect the 
potential changing environment encountered on a real train journey such as air conditioning 
cycles and the introduction of solar radiation.  The conditions participants‘ were exposed to are 
Squirrel data 
logger 
Hot wire 
anemometer 
HUMICAP sensor 
Thermistor at sitting 
elbow height 
Thermistor at sitting 
head height 
Thermistor at feet 
height 
Black globe 
thermometer 
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listed with the timeline shown in Figure 3.9 in section 3.4.8: solar radiation (400Wm-2), solar 
radiation and air conditioning, solar radiation and air circulation, solar radiation removed, air 
circulation, air conditioning. 
 
The Compact Source Iodide (CSI) lamps have been previously used by Hodder and Parsons 
(2008) and Stennings (2007).  The lamps were mounted at a 45° angle to the clear monolithic 
glass (975mm x 975mm).  The seat was arranged so that the radiation was experienced on the 
left hand side of the participant.  Solar radiation was removed with the use of a screen 
positioned in front of the glass at the appropriate time. 
 
Air conditioning was provided by an air conditioning unit located on the ceiling of the chamber.  
To ensure the air conditioning unit activated correctly, the air temperature outside the chamber 
was maintained at approximately 20°C.  Figure 3.8 shows the layout inside and outside the 
chamber.  Circulation of air within the chamber was also provided by the air conditioning unit but 
did not actively cool the air. 
 
Figure 3.8 Chamber layout 
3.4.6 Objective Measurements 
As the experiment was designed to evaluate the data collection methods, it was determined that 
physiological measurements were not necessary.  Environmental conditions were recorded at 1 
minute intervals with an Eltek/Grant squirrel data logger. 
3.4.7 Subjective Measurements 
Participants were required to report on their thermal comfort using the six scales outlined in 
chapter 2.  Section 3.4.1 describes how the information was collected on each occasion and the 
actual sheets are located in Appendix B. 
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3.4.8 Procedure 
On arrival at the Environmental Ergonomics laboratory, the experiment was described to each 
participant and the methods explained.  Participants were then asked to complete a consent 
form and a health checklist to determine their suitability for the study.  They were also informed 
that they could withdraw from the study at any point. 
 
Before each session began, participants were given a period of time to familiarise themselves 
with each method by completing the first portion of the questionnaire.  This also allowed a 
reference point for subsequent scores to be obtained. 
 
Participants then entered the test chamber for a period of 1 hour, completing the questionnaire 
immediately on entry and every 15 minutes after that without experimenter prompting.  A clock 
was provided to enable participants to determine when the questionnaire required completion.  
Participants were seated throughout the time in the chamber with limited movement (i.e. moving 
only to pick up the data collection method, writing, adopting a more comfortable position etc). 
 
After an hour had elapsed, the experiment finished and participants were asked to complete a 
questionnaire rating the method they had just used (see Appendix D).  Following sessions 2 and 
3, participants were also asked to compare the method they had used against previous 
methods (see Appendix D).  The questionnaires consisted of statements and participants were 
required to rate on a scale of 1-7 (‗Strongly disagree‘ (1) to ‗Strongly agree‘ (7), Neutral (4)) their 
level of agreement with each statement. 
Experimental timeline 
Figure 3.9 shows the timeline of events listed in the procedure, 0 minutes is when participants 
entered the thermal chamber and the experiment ended at 60 minutes. 
 
Figure 3.9 Timeline of experimental procedure 
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Conditions within the chamber were fluctuated to simulate possible changes in environmental 
conditions on a train, for instance the introduction and removal of solar radiation or air 
conditioning.  The times of these changed are marked in blue indicating their proximity to 
subjective measurement Time Points. 
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3.5 Results 
3.5.1 Environmental Conditions 
To determine whether the environments were similar during each experimental session, values 
at each Time Point were compared using a Multivariate ANOVA (MANOVA) which analysed the 
conditions per method and by gender (in addition to any interactions between these).  Test 
descriptive and raw data are located in appendix H. 
Air temperature 
There were occasional technical difficulties with the thermistor at head height during the 
investigation, where temperature was not recorded or the temperature logged would be 
incorrect. 
 
Generally, the environments were similar for each method used; however, some participants 
experienced slightly different conditions during each of the three test sessions.  This may 
account for any differences between the methods in subjective thermal responses. 
 
Figure 3.10 to Figure 3.12 show that, on average, the air temperature at each height did not 
vary significantly across the three methods tested.  It indicates that the environments were 
similar and therefore any differences in thermal responses should be due to the method and not 
the environment. 
 
There were no significant differences between temperatures at any Time Point between 
methods, gender and location (see Table 3.4).  Therefore the air temperatures on each 
occasion were similar and subjective responses will not be affected by this parameter 
fluctuating. 
Table 3.4 Statistical output from air temperature comparison 
  F p 
ta head height Gender (5,44) = 0.69 0.63 
 Method (10,88) = 0.54 0.86 
ta elbow height Gender (5,44) = 0.68 0.64 
 Method (10,88) = 0.76 0.67 
ta feet height Gender (5,44) = 1.30 0.28 
 Method (10,88) = 0.88 0.55 
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Figure 3.10 Mean air temperature, ta at head 
 
Figure 3.11 Mean air temperature, ta at elbow 
 
Figure 3.12 Mean air temperature, ta at feet 
 
Mean radiant temperature 
Mean radiant temperature was calculated using the equations detailed in section 1.3.2 in 
chapter 1 and is illustrated in Figure 3.13.  The mean radiant temperatures are similar 
throughout the experiment for all three methods. 
 
Figure 3.13 Mean radiant temperature, tr 
There were no significant differences between the mean radiant temperatures experienced by 
genders or methods at any Time Point (gender – F(5, 42) = 0.64, p=0.70, method – F(10,84) = 
0.71, p=0.72). 
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Relative humidity 
Although the relative humidity could not be actively controlled, the parameters were set so that 
these values were as consistent as possible.  Figure 3.14 shows that relative humidity was fairly 
similar across the three methods, although it is slightly higher in some areas during the voice 
recorder condition. 
 
Figure 3.14 Mean relative humidity 
There were no significant differences between the relative humidities in Time Points 1-5 
however there was a significant difference between the variances at Time Point 5 (p<0.01).  
There were no differences in relative humidity between genders or methods (gender – F(5, 44) 
= 0.97, p=0.45, method – F(10,88) = 1.08, p=0.39). 
Air velocity 
Air velocity in the room was also difficult to control and relied upon other factors for its 
consistency (such as the air conditioning commencing).  Figure 3.15 illustrates the air velocities 
throughout the experiment according to method.  The graphs show that the average air velocity 
was no greater than 0.08ms-1 indicating that the participants‘ were within comfort levels for this 
parameter. 
 
Figure 3.15 Mean air velocity 
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The variance in air velocity at Time Point 1 was significantly different (p<0.01) but was not 
specific to gender or method.  However, there were no significant differences in air velocities 
between either gender or method (gender – F(5,44) = 1.36, p=0.26, method – F(10,88) = 1.41, 
p=0.19). 
Interpretation of results 
Analysis of the environmental conditions has determined that there are no significant 
differences between the three methods in any environmental parameter. 
 
The analysis discovered a large variation in the relative humidity at Time Point 5.  The actual 
values show that relative humidity is higher in the PDA condition that in the other two conditions 
by approximately 1%.  The difference, however, is relatively small and may not actually result in 
a sensation change. 
Clothing 
As participants were permitted to wear their own clothing throughout the experiment, there were 
differences in the insulation provided by the difference ensembles.  However, each individual‘s 
ensemble was the same on each test session and therefore no differences in sensation will 
result from a change in insulation value. 
Table 3.5 Mean clothing insulation (SD in brackets) 
Gender Clothing (m2°C/W) 
M 0.11 
(0.02) 
F 0.12 
(0.03) 
The insulation provided by the various ensembles was calculated and compared between 
genders (see Table 3.5).  The table shows that there is little practical difference in clothing 
insulation between genders.  This was confirmed by conducting a t-test which determined that 
there is no significant difference between clothing ensembles – t(16) = -0.96, p=0.35 (two tailed) 
with the magnitude of the differences in the means = 0.01, 95% confidence interval: -0.03 to 
0.01. 
3.5.2 Method results - Usability 
At the end of each experiment, participants were required to reflect on how easy or difficult the 
method was to use.  Participants rated on the scale whether they agreed or disagreed with each 
statement on the question sheet.  Figure 3.16 shows the results of the positively phrased 
questions, bars show the standard deviation for the three methods. 
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Figure 3.16 Ease of use results (1) 
     = PDA     = Paper      = Voice recorder 
The graph shows that the voice recorder method was rated as the easiest to use but 
participants felt least confident using it and that it would be the least easy to incorporate into 
their journey.  The most marked difference between methods is on the final question with 
participants rating the voice recorder as the methods they were least comfortable using on a 
train.  Conversely, the PDA was rated as the least easy to use but participants felt they could 
incorporate it better into their journey and would feel most comfortable using it on a train.  The 
paper method was rated highest for confidence in using it and was the middle rated method for 
all other questions. 
 
A Mann Whitney U test was conducted to determine if there were gender differences between 
how each method was rated,  The results of this test determined that there were significant 
differences between the voice recorder and participant confidence using it (U=4.00, z=-3.36, 
p=0.001, r=0.79, male median = 6.00, female median = 4.00).  Females rated themselves as 
less confident using the method than males.  There were no other significant differences 
between genders. 
 
A Wilcoxon test determined that the voice recorder was rated significantly lower than the paper 
method for feeling comfortable using it on a train (z = -2.88, p=0.004, r=0.48).  No other 
comparisons were significant to the Bonferroni corrected α=0.017. 
 
Figure 3.17 shows the results for the negatively phrased questions, therefore the more strongly 
participants disagreed with the statement; the more positively they viewed the method.  The 
paper method is rated as the method requiring the least practice to use and the least awkward 
to complete.  The voice recorder is rated as the method with the most negative impact on the 
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journey.  The PDA and the voice recorder are rated equally on how awkward they are to 
complete and the PDA is rated as the method requiring the most practice.  All three methods 
display similar scores when asked if it was difficult to answer questions indicating that the 
questions were not confounding perceptions of the environment. 
 
A Mann Whitney U test was again conducted to determine for any gender differences in how 
each method was rated.  The test determined that there were no significant differences between 
genders and method rating. 
 
A Wilcoxon test determined that participants felt they would need more practice with both the 
PDA and the voice recorder than the paper method (PDA – z=-3.12, p=0.002, r=0.52, voice – 
z=-2.84, p=0.004, r=0.47). 
 
Figure 3.17 Ease of use results (2) 
The final group of questions were more specific about using the method in the different journey 
stages and permutations.  Figure 3.18 shows that participants rated the voice recorder as the 
method most suitable for use when seated or standing.  Interestingly, although the paper 
method was rated as the least awkward to complete, it was rated as the least suitable method 
both when seated and standing.  The PDA was rated as the method most easy to use prior to 
the journey start (e.g. at home), when travelling to the station (e.g. in the car, walking) and when 
on the platform.  Following this, the voice recorder is rated as the method that is easiest to use 
on the train. 
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Figure 3.18 Journey questions 
The results of the Mann Whitney U test to determine for any gender differences in how each 
method was rated concluded that there were no significant differences between genders and 
method rating. 
 
Combined subjective values were compared once more and it was calculated that participants 
rated the PDA and voice recorder methods more suitable for use when standing on a train (PDA 
– z=--3.20, p=0.001, r=0.53, voice – z=-3.34, p=0.001, r=0.56).  The voice recorder was also 
rated as a significantly more suitable method for use when travelling to the station (z=-2.54, 
p=0.011, r=0.42). 
3.5.3 Method results - Preference 
Participants were asked to select which method they would most or least prefer to use in the 
different environments (see Figure 3.19).  The graph shows that in the laboratory, the PDA is 
the most preferred method and the voice recorder is the least.  These values became more 
pronounced when participants were asked to imagine how comfortable they would be using the 
methods on a train.  No participants selected the voice recorder as the most comfortable to use 
on a train and 15 out of the 18 participants selected it as the method they would least like to 
use. 
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Figure 3.19 Method preference 
Interpretation of results 
These results have shown that there are many factors influencing the acceptability of a 
particular method of administering questionnaires.  Participants found the PDA method the most 
difficult to use and required the longest time to complete, however, it was rated as the method 
they would most like to use on a train journey.  The context in which the method would be used 
was very important to participants with most noting that they would feel uncomfortable going on 
a lone train journey using the voice recorder.  They felt it would make them be conspicuous 
from other rail passengers.  The PDA was noted as providing a level of anonymity and 
discretion that the other two methods could not offer . 
3.5.4 Method results – Missing data 
The ability of participants to report on their thermal experience accurately was an important 
consideration in determining the optimal method.  The number of responses for each scale and 
method were calculated and are shown in Table 3.6.  Accuracy was calculated by totalling the 
number of potential responses (90) and the number of missing responses.  Each column lists 
the total number per subjective scale with rows representing each method. 
Table 3.6 Method accuracy 
 Parameter 
TOTAL % 
 Sensation Comfort Stickiness Preference Pleasantness Draught 
PDA 90/90 89/90 90/90 90/90 88/90 89/90 536/540 99.26 
Paper 90/90 90/90 90/90 90/90 90/90 90/90 540/540 100.00 
Voice 88/90 88/90 88/90 87/90 88/90 88/90 527/540 97.59 
TOTAL 268/270 267/270 268/270 267/270 266/270 267/270   
% 99.26 98.89 99.26 98.89 98.52 98.89   
The maximum value in each cell, per method, is 90 accurate responses and the table shows 
that the paper method was the most accurate with a maximum score on each scale.  The PDA 
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showed 100% accuracy for three scales with missing data occurring in the other three.  The 
total accuracy for the PDA, however, is still high at 99%.  The voice recorder was the least 
accurate method with no scale containing a score of 90 and an overall accuracy of 97.6%.  
Additionally, some answers were ambiguous and required interpretation by the experimenter, 
for instance when slightly different descriptor terms were used. 
3.5.5 Method results - Time Taken 
The time taken to complete the questionnaire at each Time Point was measured, however only 
the final time is described here as participants may have still been learning how to use each 
method at prior Time Points.  Figure 3.20 shows the mean, median and modal times to 
completion for each method. 
 
Figure 3.20 Time taken to complete questionnaires 
The graph shows that the PDA has the longest time to completion although there are outliers 
that are skewing the mean time.  The paper method was the fastest method to complete and 
this may be due to the greater familiarity of participants with paper questionnaires.  The voice 
recorder completion times were only slightly slower than the paper and all three methods, in 
general, had completion times between 1 and 2 minutes. 
Interpretation of results 
The potential for inaccurate or ambiguous responses is greater when using the PDA and the 
voice recorder.  It is possible, however, to use software on the PDA to prevent null, 
inappropriate or incomplete responses being given.  It is more difficult to design out the error in 
the voice recorder and a lengthy training programme may be the only way to reduce 
inaccuracies. 
 
A greater amount of training time, in addition to improved software may assist in reducing 
completion times for both the PDA and voice recorder.  It is important to note here that some 
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participants liked the completion time because they felt it would help to pass the time on, 
potentially, a tedious journey. 
 
The results in this section are more complex than originally thought and further research is 
required in this area to determine where each method is most suitable (e.g. the laboratory, field, 
indoor, outdoor) and whether a mixed-modal method would obtain the optimum results on a 
train journey.  For instance a voice recorder could be used at certain points where the other two 
methods are impractical and then participants could shift to using a different method when the 
situation alters. 
3.5.6 Subjective Results – Thermal Sensation 
Participants gave thermal sensation scores according to the 7-point scale.  The individual 
thermal sensation scores according to method are shown in Appendix H.  The time points in the 
graphs refer to the times when participants completed their subjective scores.  Time point 1 
represents the scores immediately on entering the chamber and subsequent scores are at 15 
minute intervals. 
 
All subjective scales were analysed using a Mann Whitney U test to determine any differences 
between genders.  A Friedman‘s ANOVA was conducted to test for differences between 
methods following which, if a significant result was achieved, a post-hoc Wilcoxon Signed 
Ranks test was conducted to determine between which pairs the difference occurred. 
Male vs. female 
Male (M) and female (F) mean sensations (Actual Mean Votes – AMVs) were calculated and 
compared according to method and as an overall mean.  Figure 3.24 shows the overall mean 
across the three methods and Figure 3.21 to Figure 3.23 show the results per method. 
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Figure 3.21 Mean sensation scores for PDA – M 
vs. F 
 
Figure 3.22 Mean sensation scores for Paper – M 
vs. F 
 
Figure 3.23 Mean sensation scores for Voice recorder – M vs. F 
 
Figure 3.24 Total mean sensation scores – M vs. F 
If the votes per gender and method are compared, it can be seen that male and female votes 
closely coincide throughout the experiment when using the PDA method, an effect not observed 
with the other two methods. 
 
84 
Only one significant difference occurred between males and females at Time Point 4 when 
using the voice recorder (male median = 0, n=9, female median = 0, n=9, U=19.50, z=-0.53, 
p=0.04, r=0.12). 
 
There are no other significant differences between males and females in sensation scores at 
any time point indicating that there is no difference in the thermal experience between males 
and females and results can be combined for further analyses. 
Comparison of methods 
Figure 3.25 shows the average thermal sensation scores according to method.  The graph 
shows that when scoring on the PDA, people tend to choose higher values at time points 1-3. 
 
Figure 3.25 Mean sensation scores per method 
A Friedman‘s ANOVA was carried out to determine if there were significant differences between 
scores and methods, this test established there were significant differences – 
Χ2(9,n=18)=599.24, p<0.001.  A post-hoc Wilcoxon Signed Ranks test was conducted to 
determine where the significant differences occurred.  Due to the number of tests conducted, a 
Bonferroni correction was calculated where the α level was set at 0.017 (0.05/3). 
 
The output obtained from the Wilcoxon analysis determined that the only significant difference 
occurred between the paper method and the PDA at Time Point 3 (z=-2.77, p=0.006, r=0.46).  
There were no significant differences between sensations at any other Time Point. 
Interpretation of results 
A visual comparison of gender and methods revealed that male and female sensation scores 
are more similar when using the PDA method than when using the other two.  This may impact 
other studies as it indicates that any gender differences in sensation may result from the 
method of administration rather than actual differences in sensation. 
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When male and female votes were compared, it was determined that there is a significant 
difference between male and female votes at Time Point 4 when using the voice recorder.  If 
actual votes are compared (see Table 3.7) then it can be seen that females feel cooler than 
males with a mean value less than 0 and males with a value greater than 0, crossing the neutral 
descriptor. 
Table 3.7 Comparison of Voice AMVs per gender at Time Point 4 
Mean Difference 
Male VoiceTP4 Female VoiceTP4  
0.33 -0.26 0.59 
When effect size at this point is calculated, there is a small effect size (0.12) and median values 
are the same.  The difference between genders is therefore minimal and of little practical 
significance.  There were no other differences in the sensation scores between genders.  As a 
result, scores were combined for further analyses. 
 
At Time Points 1 and 3, participants voted higher when using the PDA; however, this difference 
was only significant between the PDA and paper at Time Point 3.  There were no other 
differences between the methods at any other Time Points and it can be concluded that the 
three methods can be used interchangeably when subjectively measuring sensation. 
3.5.7 Subjective Results –Predicted Mean Vote 
The Predicted Mean Vote (PMV) was calculated for each participant to determine whether they 
were exposed to the same environmental conditions.  Differences in PMV indicate that one or 
more of the 6 basic parameters differs from other data and may confound the comparison. 
Male vs. female 
Male and female Predicted Mean Votes (PMVs) were compared with a Mann Whitney U test 
(see Figure 3.26 for diagram). No significant differences between genders were observed 
indicating that environmental conditions throughout the experiments were similar. 
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Figure 3.26 PMV per gender 
Comparison of methods 
The PMVs were then compared between the three methods (see Figure 3.27).  The graph 
shows that environmental conditions fluctuated throughout the experiment in a way that was 
planned as a result the AMVs should vary similarly. 
 
Figure 3.27 PMV per method 
Following statistical analysis of the PMVs between each method, it was determined that there 
are no significant differences between PMVs per method or per Time Point. 
Comparison of AMV and PMV 
AMVs and PMVs were compared over the entire group of participants to determine whether 
PMV is a suitable indicator of sensation in this simulated environment.  Significant differences 
occurred between the AMV and PMV when using the voice recorder at Time Points 1 (z=-2.85, 
p=0.004, r=0.48) and 4 (z=-2.53, p=0.011, r=0.42).  However, there were no other differences 
between AMV and PMV. 
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Interpretation of results 
There were no significant differences in PMVs between genders, which are also reflected in the 
majority of the AMVs between genders.  Therefore males and females reacted similarly in terms 
of thermal sensation throughout the experiment and do not need to be considered separately. 
 
There were significant differences between AMV and PMV at Time Points 1 and 4 when using 
the voice recorder.  In this case, PMV over-predicted sensation and provided a sensation that 
was warmer than reported.  This may result from the sudden introduction of the solar simulation 
source at Time Point 1 and its removal at Time Point 4. 
 
Table 3.8 lists the actual mean values at each Time Point (TP) where significant differences 
were observed.  The table also lists the differences between the two means and their 
associated significance level. 
Table 3.8 Comparison of AMV and PMV actual values 
Mean Difference p< 
AMV Voice TP1 PMV Voice TP1   
1.41 1.95 0.54 0.01 
AMV Voice TP4 PMV Voice TP4   
0.04 0.52 0.48 0.05 
Observed differences in values for the voice recorder do not cross descriptor points (i.e. the 
sensation is in the same descriptor range).  If effect size is calculated, there is a large effect size 
at Time Point 1 where approximately 25% of the data variance is explained by the effect.  At 
Time Point 4 the calculated effect size is medium where 9-25% of the variance is explained.  
These results suggest that the PMV model may not be suitable in predicting sensation when 
data is obtained with a voice recorder. 
3.5.8 Subjective Results – Thermal Comfort 
Male vs. female 
The values obtained for the thermal comfort scale were analysed according to gender with 
graphs illustrating mean values in Figure 3.28 to Figure 3.30 and an overall mean in Figure 
3.31. 
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Figure 3.28 Mean comfort scores for PDA – M vs. 
F 
 
Figure 3.29 Mean comfort scores for Paper – M 
vs. F 
 
Figure 3.30 Mean comfort scores for Voice recorder – M vs. F 
 
Figure 3.31 Total mean comfort scores – M vs. F 
The graphs show that there is a marked difference between male and female comfort levels at 
the beginning of the experiment with males feeling more uncomfortable and at the first three 
Time Points.  At Time Point 4, when the solar source is removed, both genders‘ votes combine 
and then at Time Point 5, with the introduction of air conditioning, females feel more 
uncomfortable.  It is important to note, however, that standard deviations are large for the two 
groups and overlap. 
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Significant differences were observed between males and females at Time Point 5 when using 
the paper based method (male median = 1.00, n=9, female median = 1.00, n=9, U=18.00, z=-
2,52, p=0.012, r=0.59) and at Time Point 2 (male median = 2.00, n=9, female median = 1.00, 
n=9, U=18.50, z=-2.18, p=0.029, r=0.51) when using the voice recorder.  These two points will 
not be used in combined analyses. 
Comparison of methods 
Male and female votes were combined to compare differences between the three methods.  
Figure 3.32 illustrates the mean values for the three methods and it can be seen that there is 
some disparity, particularly between scores at Time Points 2 and 5.  Once again, however, 
standard deviations are large and overlap. 
 
Figure 3.32 Mean comfort scores per method 
Following statistical analysis, it was determined that no significant differences were observed at 
any time point between the three methods. 
Interpretation of results 
Thermal comfort results have shown that there are differing reactions from males and females 
during the experiment.  Males find the solar simulation source more uncomfortable and females 
find the air conditioning with no solar radiation a source of discomfort.  The actual mean votes 
per gender between both Time Points are greater than 0.5 units on the scale with the votes at 
Time Point 2 crossing descriptors. 
 
When effect size is calculated, both Time Points show a large effect size where the magnitude 
of the observed effect is greater than 25%.  Therefore there is an observable effect of the 
environmental conditions influencing males and females in different ways. 
 
Statistical tests have revealed that there are no differences in comfort scores between the three 
methods and for this variable, could be used interchangeably. 
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3.5.9 Subjective Results – Thermal Preference 
Male vs. female 
Male and female thermal preference scores were analysed per method (see Figure 3.33 to 
Figure 3.35) and are shown overall in Figure 3.36. 
 
Figure 3.33 Mean preference scores for PDA – M 
vs. F 
 
Figure 3.34 Mean preference scores for Paper – 
M vs. F 
 
Figure 3.35 Mean preference scores for Voice Recorder – M vs. F 
 
Figure 3.36 Total mean preference scores – M vs. F 
The graphs show that, in general, males prefer to feel cooler than females except during the last 
Time Point where votes were almost identical.  There is only one significant difference between 
male and female preference scores and this is at Time Point 5 when using the paper based 
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method (male median = 0.00, n=9, female median = 0.50, n=9, U=18.00, z=-2,52, p=0.012, 
r=0.59).  The differences in this case indicate that females at this Time Point would prefer to feel 
warmer than the males. 
Comparison of methods 
The male and female votes were combined (except at Time Point 5 where they were analysed 
separately) to determine if there were any differences between the votes using the three 
methods (see Figure 3.37).  The graph shows that once again there are slight, visible 
differences between scores using the three methods at Time Point 2.  PDA scores are higher 
and voice recorder scores are lower at this point indicating participants found the environment 
at this Time Point more unpleasant when using the voice recorder than when using the PDA. 
 
Figure 3.37 Mean preference scores per method 
Although there is a visible difference in scores, there is no statistical difference between the 
three methods. 
Interpretation of results 
A significant difference was found between male and female votes at Time Point 5 when using 
the paper method.  Table 3.9 shows the actual mean scores at this Time Point and the 
difference between the two genders is 0.61 on the scale however it does not extend over two 
descriptors.  At this Time Point females would prefer to feel warmer than males which coincide 
with their feelings of discomfort here. 
Table 3.9 Comparison of male and female preference scores at TP5 
Mean Difference 
Male PaperTP5 Female Paper TP5  
0 0.61 0.61 
The effect size between the two genders is large indicating that there is an observable 
difference between male and female preferences at Time Point 5.  This effect is not observed in 
the other two methods although is reflected in comfort scores at this point.  Once again, PDA 
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scores are more similar for males and females throughout the experiment.  Therefore there is 
the possibility that the method influences the reporting of the thermal experience. 
 
No differences were observed between scores when using the two methods, therefore, once 
again, the methods can be used interchangeably to measure thermal preference. 
3.5.10 Subjective Results – Stickiness 
Male vs. female 
Stickiness votes between the three methods and overall between genders are shown in Figure 
3.38 to Figure 3.41. 
 
Figure 3.38 Mean stickiness scores for PDA – M 
vs. F 
 
Figure 3.39 Mean stickiness scores for Paper – 
M vs. F 
 
Figure 3.40 Mean stickiness scores for Voice recorder – M vs. F 
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Figure 3.41 Total mean stickiness scores – M vs. F 
Male votes throughout the experiment were higher than female‘s, particularly at Time Point 3, 
although again the standard deviations are large.  The votes were compared statistically and no 
significant differences were found, results were then combined to determine any differences 
between methods. 
Comparison of methods 
Figure 3.42 presents the mean stickiness scores for the three methods and the three are quite 
closely related at each Time Point.  Standard deviations at Time Points 2 and 3 in particular are 
large than at the other three Time Points. 
 
Figure 3.42 Mean stickiness scores per method 
Statistical tests determined that there are no significant differences between the stickiness 
scores across the three methods 
Interpretation of results 
No significant differences were observed between genders or between methods, therefore all 
participants experienced the environment similarly and the three methods can be used 
interchangeably. 
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3.5.11 Subjective Results – Draught 
Male vs. female 
Figure 3.43 to Figure 3.46 show the draught votes per method and gender. 
 
Figure 3.43 Mean draught scores for PDA – M vs. 
F 
 
Figure 3.44 Mean draught scores for Paper – M 
vs. F 
 
Figure 3.45 Mean draught score for Voice recorder – M vs. F 
 
Figure 3.46 Total mean draught scores – M vs. F 
Figure 3.46 shows that the draught ratings recorded by males were higher than the females at 
the first three Time Points, after which, the female scores overtake males.  After statistical tests 
were conducted, no significant differences in draught scores were observed between genders. 
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Comparison of methods 
 
Figure 3.47 Mean draught scores per method 
The values for draught match the introduction of the air conditioning and ventilation systems 
commencing.  The PDA shows slightly higher values at Time Points 2 and 5; however there 
were no significant differences in draught scores between the three methods. 
Interpretation of results 
The pattern of draught scores between genders follows that of discomfort where males 
experience the first three Time Points with more discomfort than females.  The only difference 
between Time Point 2 and 5 is the removal of the solar simulation source; however female 
draught scores are greater at Time Point 5 than they were at Time Point 3.  This indicates that 
perception of draught in females may change in relation to other parameters such as mean 
radiant temperature.  There is also a slight reduction in air temperature at this point which may 
also influence female draught perception. 
 
No significant differences in draught scores were observed between genders or method, 
therefore males and females can be treated equally and the three methods can be used 
interchangeably. 
3.5.12 Subjective Results – Pleasantness 
Male vs. female 
Male and female pleasantness scores are presented in Figure 3.48 to Figure 3.52. 
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Figure 3.48 Mean pleasantness scores for PDA – 
M vs. F 
 
Figure 3.49 Mean pleasantness scores for Paper 
– M vs. F 
 
Figure 3.50 Mean pleasantness scores for Voice recorder – M vs. F 
 
Figure 3.51 Total mean pleasantness scores – M vs. F 
Figure 3.51 shows that for the first four Time Points, females find the environment more 
pleasant than males.  However, the difference between genders is only significant at Time Point 
2 and this is only when using the PDA (male median = -1.00, n=9, female median = 0.75, n=9, 
U=13.00, z=-2,28, p=0.022, r=0.54). 
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Comparison of methods 
 
Figure 3.52 Mean pleasantness scores per method 
Figure 3.52 shows that there appears to be variation between methods at most Time Points, in 
particular, the PDA votes show greater changes in pleasantness.  After scores were analysed 
statistically, it was determined that there are no significant differences between methods and 
pleasantness scores. 
Interpretation of results 
There is a large difference in mean values (see Table 3.10), greater than one unit on the 
pleasantness scale, in addition to spanning either side of the pleasantness spectrum, with 
males feeling slightly unpleasant and females feeling pleasant.  The introduction of air 
conditioning at this point has not relieved the males of the unpleasant environment caused by 
the solar radiation. 
Table 3.10 Mean pleasantness scores for PDA between genders at TP2 
Mean Difference 
Male PDA TP2 Female PDA TP2  
-0.67 0.41 1.08 
Effect size at this Time Point was calculated and it determined that there is a large effect size 
where at least 25% of the variance between the scores is explained by the difference between 
the two genders.  However, no significant differences were observed at this time point with the 
other two methods once again indicating that there may be a difference in how participants use 
the two methods.  It may however, result from a Type 1 error as all other results are not 
significant, 
 
There were no other significant differences observed for any other Time Points between 
genders or methods, it is, therefore, possible to combine scores between genders and use the 
three methods interchangeably.  
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3.6 Discussion 
3.6.1 Environmental Conditions 
The conditions throughout the experiment were similar for each participant and for each 
method.  Therefore any differences observed in scoring should be as a result of the method 
used and not the environment. 
 
The graphs of temperature, relative humidity and air velocity indicated that an environment of 
changing conditions, similar to a train environment, was created.  The subjective responses also 
reflect this changing environment. 
3.6.2 Subjective assessment of the methods 
Results for the three methods were split into two parts;  
1. Usability and preference of the methods, accuracy and time taken to complete each 
method; 
2. Subjective responses – compared to determine whether results were similar across the 
methods or whether there was an interaction between method and thermal experience. 
 
Results have shown that participants were able to separate their feelings of preference from the 
usability of the three methods.  Even though the voice recorder was the least preferred method, 
participants identified it as the easier method to use on a train. 
Usability and preference 
The questions in this section not only asked participants to evaluate the method alone, but to 
also consider using it on a lone train journey (i.e. without an experimenter present) as this was a 
possible experimental design at the time.  When analysing the results of the usability of the 
three methods, it was determined that participants, overall, found the usability of the PDA 
greater than the other two methods.  Main complaints with the use of the PDA were that 
participants would have liked more practice using the method.  It may therefore be necessary to 
test user‘s ability rather than asking them to determine whether they are sufficiently comfortable 
with it. 
 
The PDA was the method most preferred for use in experimental work, both in the laboratory 
and on a train.  Positive comments given at the end of the questionnaire mentioned the privacy 
provided by the PDA which has also been noted in research examining attitudes to sexual 
health and drug use (Turner et al. 1998, Perlis et al. 2004, Jaspan et al. 2007).  There is a high 
level of participant acceptability of this method which has also been observed in other research 
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(Drummond et al. 1995, Buxton et al. 1998), however participants must be confident and willing 
to use the method to obtain optimum results (Burton et al. 2007). 
 
The PDA method needs to have a complete software overhaul to enable its use on train 
journeys as its ease of use will significantly affect the results obtained (Ann Yon et al. 2006).  
Participants found scrolling down the excel spreadsheet tiresome and it may be preferable to 
place each question on a separate page to simplify the procedure.  The improved software 
would also allow for participants to use the subjective scales by selecting a point along the scale 
instead of writing a number in a table.  This should permit more subtle changes in sensation to 
be recorded. 
 
Although the majority of participants were likely to be familiar with the paper-based method, it 
was generally ranked as the middle method in most questions.  The lack of novelty in the 
method may induce some complacency in it (Sethuraman et al. 2005).  Some participants did 
like the ‗low-tech‘ nature of the paper-based method stating that it was easy to know when the 
questionnaire had been completed without worrying whether anything had been switched on or 
off accidentally.  Interestingly, many participants stated that the paper method was awkward, 
requiring a hard surface to write on and that it may be difficult to use if other items (e.g. 
luggage) are also being carried.  This was not, however reflected in answers to the question ‗Is 
the method awkward to complete‘ where the paper-based method was rated as the least 
awkward.  This may be due to the lack of context given in the question where participants were 
not considering it as part of a train journey. 
 
Prior research has shown there is low compliance with paper-based methods (Burton et al. 
2007, Stone et al. 2003, Palermo et al. 2004).  It is therefore important, if using this particular 
method, to either design-in an automatic record of the date and time each entry is recorded or 
reduce the number of entries required. 
 
The voice recorder was rated as the easiest method to use, however, most participants 
commented that they would feel self conscious using the method on a train, especially a 
crowded one.  It was for this reason that the method was felt to have a negative impact on their 
journey, even though the method was deemed the most suitable for use on the train either 
seated or standing.  This method therefore may not be suitable when on a train as it may result 
in low compliance with participants hoarding data in a retrospective recall (Ryan and 
Haslegrave 2007a, Shiffman et al. 1997). 
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The three methods used in this experiment are different and therefore there is an inherent 
difference in the manner each questionnaire was presented.  This, therefore, may result in 
differences in the way people perceive the questionnaire (Ryan et al. 2002) and thereby the way 
they answered the questions. 
Accuracy and time taken 
There were small issues with accuracy and missing responses with the PDA, however, more 
appropriate software and a more efficient questionnaire can eliminate these problems, thereby 
reducing completion time. 
 
The paper method was the most accurate method with no missing responses, which is unusual 
as there is normally an error rate of 5% (Drummond et al. 1995).  This high result may be 
because the experimenter was present throughout the experiment and therefore participants 
were highly motivated to complete the questionnaires.  The paper method was also the quickest 
method with completion times of approximately 1 minute; this result may be due to participant 
familiarity with paper-questionnaires. 
 
Ambiguous or missing data was an issue with the voice recorder and more thorough training in 
the method may assist in reducing this, although Ryan and Haslegrave (2007b) note that the 
effect of ‗over-training‘ is not known and may reduce spontaneous responses. 
 
The time taken to complete the questionnaire should be optimised so that participants pay 
enough attention to the parameters in order to obtain an accurate reflection of their thermal 
comfort, but also not so long that they ‗over think‘ the questions and are biased by experimenter 
expectations. 
3.6.3 Subjective scores 
It is difficult to determine why differences in scoring were observed between the three methods.  
As the paper method has been previously tested it could be considered to be the ‗gold standard‘ 
against which the other two methods should be assessed.  However, the environment 
participants were exposed to simulate the changing environments on a train which may have 
confounded the results. 
 
Conversely, other research (Turner et al. 1998, Jaspan et al. 2007) suggests that participant‘s 
scoring on PDA‘s, may be more accurate than when using other methods, although this is 
specific to sensitive questions.  However, it does raise the question of the validity of previous 
research, as results may have been biased due to the method used. 
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Thermal Sensation 
The only significant difference in sensation scores between was at Time Point 4 when using the 
voice recorder where males felt warmer at this point than females.  At all other Time Points and 
using the other two methods similar results were observed and therefore it can be concluded 
that there are no significant differences between the sensations of the genders. 
 
There were also no significant differences between the scores across the three methods and 
each can be used interchangeably.  Other work comparing electronic and PDA methods with 
paper-based methods has also determined that there are no significant differences between the 
two (Jamison et al. 2001, Ryan et al. 2002, Jamison et al. 2002) although both Sethuraman 
(2005) and Saleh (2002) found differences and suggested they should not be used 
interchangeably.  These studies all asked participants to complete the methods at home, alone, 
and noted the low compliance and retrospective completion of paper questionnaires.  This, 
therefore, questions the notions that the two methods should be equal, if the PDAs are 
completed on time, then the paper results should be compared to the PDA rather than the other 
way around. 
 
Other research (Turner et al. 1998) has suggested that participants are more able to accurately 
report their sensations when using a PDA compared to a paper-based method, as it allows 
them a greater perception of confidentiality.  Results in these cases can call into question the 
accuracy of all previous work conducted using paper-based questionnaires as there may also 
be variables (such as writing ability) that confound findings. 
 
Predicted Mean Vote (PMV) 
PMV was analysed and there were no significant differences between genders, therefore, 
environmental conditions were the same and AMV should not have varied between males and 
females.  This was observed throughout the experiment except at Time Point 4 when using the 
voice recorder.  This, therefore indicates that there may have been an interaction between 
gender and the method used at this point, as the other two methods did not demonstrate a 
difference between genders. 
 
PMV was then compared with AMV across the three methods and significant differences were 
observed at Time Points 1 and 4 when using the voice recorder.  This difference coincided with 
the introduction, (as they entered the chamber at Time Point 1), and removal, at Time Point 4, 
of the solar simulation source.  This created a transient environment for which the PMV model is 
not designed and the two results may have differed because of this.  Studies have shown that it 
can take up to 30 minutes before people have adapted to an environment (Jones and Ogawa 
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1992), therefore, as subjective readings were measured every 15 minutes, participants may 
have still been in a transient state. 
 
As the design of the experiment was transient (simulating a train environment), the changing 
conditions may have confounded some results and the use of PMV.  It will, therefore, be 
necessary to address this in subsequent experiments to determine if the PMV can be adapted 
to account for transient conditions. 
Thermal Comfort 
Significant differences between genders were observed at Time Points 2 and 5 for the voice 
recorder and paper method respectively.  Males were more uncomfortable than females at Time 
Point 2 and less at Time Point 5, both following the introduction of the air conditioning.  
Therefore, the primary cause of discomfort for males was the solar radiation and for females, 
the air conditioning.  The greater discomfort experienced by males at Time Point 2 may result 
from higher sweat rates (observed in ‗Stickiness‘ scores) resulting in an uncomfortable 
sensation.  The greater surface area to mass ratio of the hands exhibited in women may 
account for the increase in discomfort at Time Point 5 due to a faster rate of heat loss. 
 
No significant differences were observed between the three methods with participants scoring 
similarly on each occasion.  Therefore each method would be suitable in collecting thermal 
comfort data. 
Thermal Preference 
Males and females significantly differed in preference votes at Time Point 4 when using the 
paper method.  Females at this Time Point preferred to be slightly warmer than males following 
the removal of the solar simulation source.  Interestingly, this effect was not observed with the 
other two methods where females still preferred to feel warmer when using the voice recorder 
but cooler when using the PDA.  It is difficult to determine from subjective data at this point, 
what the cause preference differences may be and once again it may be due to a subtle 
combination of parameters resulting in the difference. 
 
When results were combined to compare the three methods, no significant difference was 
observed and the three methods can be used in any combination when collecting information 
concerning thermal preference. 
Stickiness and Draught 
Male stickiness scores were higher than female‘s throughout the experiment, although no 
significant differences in subjective scores were observed for males and females, or between 
the three methods.  The three methods can, therefore, be considered comparable in measuring 
this parameter. 
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Draught ratings were not significantly different between genders but male votes for Time Points 
1-3 were higher than females, after which, female values increased until at Time Point 5 when 
they were higher than the males.  The results showed that there may be an interaction between 
the environmental conditions and the perception of draught in females due to similar air 
velocities at Time Points 3 and 5 but different subjective scores of the draught.  Females 
perceived the draught at Time Point 5 to be greater than at Time Point 3 and may be due to the 
warming of the skin from the radiant heat source decreasing perception of draught. 
 
Although visual inspection of the data revealed slight differences between genders and method, 
none were significant and once again the three methods could be used to determine subjective 
stickiness and draught ratings and results can be considered comparable. 
Pleasantness 
A large difference was observed in pleasantness scores between genders at Time Point 2 when 
using the PDA.  Females found the environment more pleasant than males, a pattern also 
observed in the other two methods.  The difference in pleasantness scores may result from 
females adapting faster to the environment following the introduction of air conditioning.  The 
difference may also result from the difference in the size of scales used between the methods, 
as descriptors for the pleasantness scale particularly, were long and may have appeared to 
‗merge‘ due to their proximity on the prompt sheet.  The calculated effect size suggests that this  
may not be the case and that there are differences in male and female pleasantness under 
these conditions. 
 
When the three methods were compared, no significant difference was observed even though 
PDA scores seemed to fluctuate more than the other two methods.  This, once again, may be 
due to the smaller subjective scale used in this method. 
Overall subjective results 
Although sensations between genders were the same at each Time Point, preference and 
pleasantness scores were more indicative of the experience.  Using the preference, 
pleasantness and comfort, males wanted to be cooler at Time Points 1-4 and found the 
environment more unpleasant and uncomfortable in Time Points 1-3.  These results suggest 
that males find sitting in an environment where solar radiation is present, unpleasant, whereas 
females, although preferring to feel slightly cooler, do not find the environment unpleasant (but 
neither did they find it pleasant). 
 
At the final Time Point (5) females preferred to feel warmer and found the environment slightly 
more uncomfortable than males.  The discomfort was introduced by the air conditioning unit 
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commencing, resulting in a decrease in air temperature and relative humidity, and a slight 
increase in air velocity.  The reduction in air temperature at this point appears to be the primary 
cause of discomfort, as both relative humidity and air velocity are equal to those at earlier Time 
Points where there was no discomfort.  There also may be an interaction between the different 
parameters that can also cause the change in comfort; however, it is difficult to determine. 
 
Most participants, increased or decreased their subjective scores by a whole unit at a time and 
half point intervals were not used.  Therefore significant results with less than 1 point difference 
must be treated with caution as more subtle differences may have been the reality and although 
statistical significance is achieved, there may be little practical difference.  The calculation of 
effect size should have limited these errors. 
 
Different results between the PDA and the paper and voice methods were observed although 
these were not significant.  This may result from participants being presented with differently 
sized scales on the prompt sheets.  Therefore paper and voice recorder results should be more 
comparable than the PDA scores are with either method.  However, the work of Jamison et al. 
(2002) determined that even with different sized Visual Analogue Scale (VAS) lines on the PDA, 
paper and PDA results were comparable. 
 
These results can impact on setting comfort parameters within train environments as the 
dimension in which thermal comfort is optimised can be difficult to determine.  For instance, 
should rail companies aim for a neutral sensation?  Will this result in the fewest number of 
people experiencing discomfort?  The results in this study have determined that neutrality in 
sensation does result in the majority of participants not feeling uncomfortable and preferring no 
change in their environment.  Further work will determine the accuracy of this statement and its 
implication in rail carriage design. 
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3.7 Conclusions 
1. The optimum method of data collection was determined to be the PDA.  This 
predominantly resulted from an overwhelming preference of participants to use this 
method on train journeys; 
2. The three methods can be used interchangeably with each resulting in similar subjective 
scores; 
3. Differences were observed when AMVs were compared with PMV and PMV was an 
inaccurate predictor of sensation at some data points; however, this result is likely to be 
confounded by the conditions changing within the chamber.  As the PMV index is a 
steady-state model, the environmental conditions within the chamber exceed the 
boundaries for which the model was designed; 
4. There were no significant difference between genders and either scores or method 
preference; 
5. Further field work is required to determine whether the method (or a combination of the 
methods) is suitable for a real-world rail journey, this is discussed in chapter 7; 
6. A laboratory experiment will be conducted to determine how sensation alters following a 
move between environments to modify the PMV for use in transient environments; this is 
described in chapter 4. 
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4 A laboratory experiment examining thermal comfort when 
moving from one environment to another 
4.1 Summary 
In order to understand how thermal comfort alters following a change of environment, an 
experiment was designed to expose participants to two different environments on three 
separate occasions.  Subjective and objective data were recorded to determine how these 
change when moving between the environments.  The experiment exposed participants to three 
different environments in a thermal chamber on three separate occasions and then exposed 
them to the same environment outside the chamber.  Each exposure lasted for half an hour 
after which, participants were moved to the second environment.  Chamber conditions were set 
to elicit sensations of warm, neutral and cool; conditions outside the chamber were set to 
produce a cool sensation.  Skin temperature and subjective measurements of thermal comfort 
were recorded throughout the experiment.  Weight pre and post exposure were also recorded.  
Results showed that mean skin temperature and sensation were significantly different at the 
end of each experimental session.  On exiting the chamber, both the Warm and Neutral 
conditions showed an instantaneous change in sensation which exceeded that calculated by a 
predictive model of sensation – Predicted Mean Vote (PMV).  The Cool condition showed an 
increase in sensation equal to that calculated by the model.  Results from this experiment have 
been used to adapt the PMV model for use when moving from one environment to another. 
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4.2 Introduction 
Work conducted by Underwood (2006) and Stennings (2007) determined that thermal sensation 
can be influenced either by sitting next to a sunny window during the day or by sitting next to a 
cold window at night.  Their work examined the effects of sitting on a train for a long (greater 
than an hour) period of time, but did not consider thermal sensation during boarding, 
immediately after boarding the train and after sitting down. 
 
It is likely, however, that a train passenger is likely to spend part or all of their journey in a 
transient state where there body is adapting from the environmental conditions on the platform 
to the new train environment.  Passengers on short train journeys (less than 30 minutes) are 
likely to be in a transient stat for the entirety of their journey.  It is therefore important to 
determine how well existing indices can predict sensation during this part of the journey in 
addition to the sensation change (if any) following a move to a new environment. 
 
The purpose of this experiment was to determine whether, on entering a new environment, 
there is an immediate change to the predicted steady-state sensation of the new environment or 
whether there is a lag in sensation resulting from conditions in the previous environment.  By 
exposing participants to different thermal conditions in a thermal chamber and the same 
controlled condition outside the chamber, it should be possible to determine the effect prior 
conditions have on sensation in the new environment. 
 
PMV is only designed for use in steady-state conditions; however it is one of the most widely 
applied indices in predicting human thermal sensation and is adopted as an international 
standard (ISO 7730 2005) for the calculation of thermal comfort.  Due to the relative ease of 
entering parameters into computer programmes of the model, PMV is simple to apply and 
provides a clear output.  For that reason, it was determined to be the most suitable index for use 
in this experiment.  As Predicted Mean Vote is designed for use in steady-state environments, it 
is predicted that it will not be an accurate reflection of actual sensation and some modification 
will be required.  This experiment therefore investigates both the change in thermal response 
when moving from one environment to another and how the established PMV index might be 
involved in predicting any change in that sensation. 
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4.2.1 Experiment aims and objectives 
The aim of the experiment was to measure thermal comfort following a change of environment 
i.e. a transient or transition between two environments. 
 
Experimental objectives: 
1. To quantify how sensation changes following a move to a new environment with a view 
to adapting the PMV index if necessary so that it better predicts sensation in these 
conditions; 
2. To determine if there are any differences in the thermal comfort of males and females in 
these conditions; 
3. To determine whether different magnitudes of environmental change result in a different 
thermal experience in the new location; 
4. To quantify absolute and rate of change of mean skin temperature and whether there is 
any relationship with sensation during the transition; 
5. To quantify absolute and rate of change of hand temperature and whether there is any 
relationship with sensation during the transition.  As an extremity, it may show a faster 
reaction to environmental change than mean skin temperature alone. 
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4.3 Experimental Method 
4.3.1 Design 
A repeated measures design was employed during the study, where participants were exposed 
to three environmental conditions designed to elicit subjective responses of cool, neutral and 
warm. 
 
12 male and 12 female participants attended the laboratory on three occasions at the same time 
of day.  The order of exposure to these environments was counterbalanced to minimise any 
order effects.  The order of conditions each participant was exposed to are illustrated in Table 
4.1 with the table repeated for both genders. 
Table 4.1 Presentation order of chamber conditions for each participant 
Participant Cool Neutral Warm 
1 2 1 3 
2 1 3 2 
3 3 2 1 
4 3 1 2 
5 1 2 3 
6 2 3 1 
7 2 1 3 
8 1 3 2 
9 3 2 1 
10 3 1 2 
11 1 2 3 
12 2 3 1 
The experimental layout is shown in Figure 4.1 with the location of equipment and the area 
outside the chamber. 
 
Figure 4.1 Chamber set-up 
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4.3.2 Subjects 
24 participants (12 males, 12 females) took part in the experiment conducted between January 
and September 2009 and were recruited from Loughborough University.  Physical data of the 
participants is shown in Table 4.2. 
Table 4.2 Mean physical data of participants (SD in brackets) 
Subjects Age (years) Weight (kg) Height (m) 
Males (12) 23.70 
(3.26) 
79.50 
(13.23) 
1.82 
(0.08) 
Females (12) 23.28 
(2.21) 
62.79 
(10.13) 
1.64 
(0.07) 
All (24) 23.49 
(2.73) 
71.14 
(14.34) 
1.73 
(0.11) 
During the experiment participants were required to wear a standardised clothing ensemble 
which consisted of a t-shirt (100% cotton), jumper (70% cotton, 30% polyester) and jeans 
(100% cotton) in addition to their own underwear and trainers (see Figure 2.27 and Figure 2.28 
for example).  The clothing insulation provided by the ensemble is estimated as 0.96clo 
(0.149m2°C/W). 
 
Figure 4.2 Clothing ensemble (front) 
 
Figure 4.3 Clothing ensemble (back) 
4.3.3 Apparatus 
The apparatus used in the experiment is listed below: 
1. Temperature – Thermistors, 9, two in each test area measuring ta (inside and outside the 
chamber) and 5 on the body measuring tsk; 
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2. Globe temperature – 150mm globe thermometer, 2, one in each test area (inside and 
outside the chamber); 
3. Relative humidity – Vaisala HUMICAP 180 meter, 2, one in each test area (inside and 
outside the chamber); 
4. Air velocity – Biral hot wire anemometer, 2, one in each test area (inside and outside the 
chamber); 
5. Eltek/Grant squirrel data loggers – 3, one each test area (inside and outside the 
chamber) and one for the participant; 
6. Oral temperature – mercury-in-glass thermometer, 1, to measure oral temperature; 
7. Subjective thermal comfort scale sheet – 1, see Appendix B; 
8. Data record sheet – 1, see Appendix E; 
9. Weighing scales – 2, one inside the chamber and one outside accurate to +1g. 
4.3.4 Environmental Conditions 
To elicit different sensation responses from participants, the thermal chamber was set so that 
sensations of warm (+2), neutral (0) and cool (-2) would be targeted.  These sensations were 
calculated using Fanger‘s PMV model (1970) (ISO 7730 2005), the conditions are shown in 
Table 4.3. 
Table 4.3 Thermal comfort following a change of environment – Chamber conditions 
 Warm 
PMV = +2 
Neutral 
PMV = 0 
Cool 
PMV = -1.9 
ta (°C) 31.5 24.5 18 
tr (°C) 31.5 24.5 18 
Air velocity (ms-1) 0.2 0.25 0.3 
RH (%) 33% 49% 73% 
Clothing (m2°C/W) 0.15 0.15 0.15 
Metabolic rate (Wm-2) 58 58 58 
Environmental conditions were logged throughout the experiment at ten second intervals with 
an Eltek/Grant squirrel data logger.  Air temperature was measured by obtaining an average 
between two thermistors, one set at standing head height and one set at sitting knee height.   
 
A temporary enclosure was set up outside the chamber to allow some control over these 
conditions.  An air conditioning unit was placed in this area to cool the air temperature and a fan 
was used to circulate the air to limit a vertical temperature profile.  Figure 4.1  illustrates how the 
chamber and the area outside it were arranged on each occasion. 
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The environmental conditions in this experiment were not explicitly designed to reflect 
environments observed in the field but were used to test different magnitudes of environmental 
change. 
4.3.5 Objective Measurements 
Local and mean skin temperatures were recorded as a means of objective measurement of the 
participant‘s thermal experience.  Data was recorded at 1 second intervals with an Eltek/Grant 
squirrel data logger.  Thermistors were attached to the body according to the 4-point 
Ramanathan method (Ramanathan 1964), detailed in section 2.4.3 chapter 2, with an additional 
thermistor attached to the hand. 
 
Oral temperature was recorded pre and post experiment to determine whether there were any 
significant changes in core temperature.  Participants held the mercury-in-glass thermometer 
under their tongue for 3-4 minutes to obtain a peak oral temperature. 
4.3.6 Subjective Measurements 
Subjective response to the environment was recorded with the use of the 6 thermal scales 
described in section 2.4.6.  Participants were allowed to select any value on the scale they felt 
was appropriate to their experience at the moment of questioning.  Results were recorded by 
the experimenter to limit participants using previous scores as a reference point. 
4.3.7 Procedure 
On arriving at the Environmental Ergonomics laboratory, the experimental procedure was 
explained to participants who were then required to complete an informed consent form and 
health checklist (see Appendix A). 
 
After participants had agreed to take part, they removed their outer clothing and thermistors 
were attached to the skin.  Participants were then weighed and dressed in the standardised 
clothing ensemble.  Participants were not allowed to drink after this point and any drinking 
beforehand was limited to water and repeated during subsequent experiments.  Before entering 
the chamber participants were weighed once more. 
 
Participants were required to report their thermal comfort using the scales outlined in section 
2.4.6 prior to entering the chamber, immediately on entering and every 5 minutes during the 30 
minute exposure.  Weighing took place on entering the chamber and before exiting.  After 30 
minutes had passed, participants then reported on thermal comfort immediately on exiting the 
chamber.  Post exposure, participants were weighed for 5 minutes; values were recorded at one 
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minute intervals to determine whether there were any changes in weight, possibly due to 
moisture condensation or evaporation within the clothing. 
Experimental timeline 
Figure 4.4 shows the procedural timeline during the experiment.  The participant‘s data logger 
measuring skin temperatures was started after they were attached to the body, approximately 
10 minutes before the participant entered the chamber. 
 
Figure 4.4 Timeline of experimental procedures 
Participants experience the change (transient) of environmental conditions at 30 minutes after 
moving from the thermal chamber to the area outside it.  Sensation can be considered to be in a 
transient state until steady-state sensations are achieved i.e. when it can be calculated by a 
predictive model of sensation. 
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4.4 Results 
4.4.1 Environmental Conditions – Inside chamber 
To ascertain whether subjective responses resulted from planned or unplanned factors, the 
environmental conditions were compared.  The experiment was designed so that males and 
females were exposed to the same environmental conditions.  It was therefore necessary to 
determine whether the environments were the same and if any differences resulted from gender 
rather than differences in environment. 
Air temperature 
The air temperatures between genders and per chamber condition are shown in Figure 4.5 to 
Figure 4.8 (M = males in red, F = females in green, shaded areas show the standard deviation).  
The graphs show that although Neutral air temperatures were similar and constant throughout 
the experiment both the Cool and Warm conditions show ‗cycling‘ of temperatures (especially 
the female warm air temperature) as the chamber regulating mechanisms switch on and off.  
This was an unavoidable result of problems with the equipment and was resolved part-way 
through the experimental period after which the majority of male experiments were conducted. 
 
Figure 4.5 Air temperature per gender - Neutral 
 
Figure 4.6 Air temperature per gender - Cool 
 
Figure 4.7 Air temperature per gender - Warm 
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Despite visual differences between environmental conditions experienced by genders, none 
were statistically significant.  Table 4.4 shows the statistics obtained from the multivariate 
ANOVA during the analysis between genders. 
Table 4.4 Test statistics comparing air temperature between genders – inside 
 F(1,22) p 
Partial eta 
squared 
Neutral 1.56 0.23 0.07 
Cool 1.11 0.30 0.05 
Warm 0.60 0.45 0.03 
Figure 4.8 shows the mean air temperature per condition which confirms that each experimental 
condition was separate and independent from the others with no overlapping of standard 
deviations. 
 
Figure 4.8 Mean air temperature per condition 
The ANOVA also determined that there was a significant difference between air temperatures 
on each of the three occasions indicating that the environments were distinct from one another, 
F(2,44) = 1247.30, p <0.001, partial eta squared = 0.98. 
Mean radiant temperature 
Mean radiant temperature was calculated for the three environments and is shown in Figure 4.9 
to Figure 4.12 per gender and environmental condition.  Mean radiant temperature should be 
similar to air temperature as there were no sources of radiant heat in the thermal chamber in 
any of the conditions. 
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Figure 4.9 Mean radiant temperature per gender - 
Neutral 
 
Figure 4.10 Mean radiant temperature per gender 
- Cool 
 
Figure 4.11 Mean radiant temperature per gender - Warm 
The graphs show similar patterns to air temperature and once again, the multivariate ANOVA 
determined no statistical significance between genders and conditions (see Table 4.5). 
Table 4.5 Test statistics comparing mean radiant temperature between genders – inside 
 F(1,22) p 
Partial eta 
squared 
Neutral 2.14 0.16 0.09 
Cool 0.02 0.88 0.00 
Warm 2.43 0.13 0.10 
Figure 4.12 shows the combined mean radiant temperatures across the three conditions and 
the conditions are once again independent from one another verified by the ANOVA 
demonstrating a significant difference between each of the conditions, F(2,44) = 1381.70, 
p<0.001, partial eta squared = 0.98. 
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Figure 4.12 Mean radiant temperature per condition 
Relative humidity and partial vapour pressure 
Relative humidity is presented in Figure 4.13 to Figure 4.16 and the partial vapour pressure is 
presented in Figure 4.17 to Figure 4.20.  Although relative humidity in each of the three 
conditions was designed to be different, the partial vapour pressure was kept the same. 
 
Figure 4.13 to Figure 4.15 show that the humidities were similar for both genders in each of the 
three environmental conditions and statistical analysis determined that there were no significant 
differences with a Bonferroni corrected α=0.017 (see Table 4.6). 
 
Figure 4.13 Neutral relative humidity per gender 
 
Figure 4.14 Cool relative humidity per gender 
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Figure 4.15 Warm relative humidity per gender 
Table 4.6 Test statistics comparing relative humidity between genders – inside 
 F(1,22) p 
Partial eta 
squared 
Neutral 0.91 0.35 0.04 
Cool 0.03 0.88 0.00 
Warm 0.14 0.72 0.01 
If the results per gender are combined (see Figure 4.16) then it can be clearly seen that the 
three relative humidities are separate from one another, although there are larger standard 
deviations in the cool condition. 
 
Figure 4.16 Mean relative humidity per condition 
The ANOVA determined that there was a significant difference between the three conditions, 
F(2.44) = 536.14, p <0.001, partial eta squared = 0.96. 
 
If the partial vapour pressures are analysed, it can be seen that, once again, there is little 
variation between genders and none are statistically significant although standard deviations in 
the warm condition are greater than in the other two conditions.  The analysis determined there 
are no significant differences between genders and partial vapour pressures (see Table 4.7). 
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Figure 4.17 Neutral partial vapour pressure per 
gender 
 
Figure 4.18 Cool partial vapour pressure per 
gender 
 
Figure 4.19 Warm partial vapour pressure per gender 
Table 4.7 Test statistics comparing partial vapour pressure between genders – inside 
 F(1,22) p 
Partial eta 
squared 
Neutral 1.73 0.20 0.07 
Cool 0.17 0.69 0.01 
Warm 0.04 0.85 0.00 
When partial vapour pressures are combined and plotted on the same graph, it can clearly be 
seen that the pressures across the three conditions were similar and, unlike the relative 
humidity, were not statistically significant, F(2,44) = 0.97, p = 0.39, partial eta squared = 0.04. 
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Figure 4.20 Mean partial vapour pressure per condition 
Air velocity 
The graphs for air velocity per gender and condition are shown in Figure 4.21 to Figure 4.24.  
Each graph shows a reduction in air velocity at the beginning and end of the experiment, this 
results from the fans being switched off when weighing participants.  This decline did not 
coincide with any measurements of comfort and therefore should not affect subjective scores. 
 
Figure 4.21 Neutral air velocity per gender 
 
Figure 4.22 Cool air velocity per gender 
 
Figure 4.23 Warm air velocity per gender 
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In each of the three environments, air velocity was lower for females than for males, however, it 
is not statistically significant (see Table 4.8) with the Bonferroni corrected α=0.017.  Actual 
differences between males and females in the Neutral and Warm conditions are approximately 
0.06ms-1 which, in practical terms, is a small difference although double the difference in the 
cold condition. 
Table 4.8 Test statistics comparing air velocity between genders – inside 
 F(1,22) p 
Partial eta 
squared 
Neutral 5.45 0.03 0.20 
Cool 0.58 0.45 0.03 
Warm 5.72 0.03 0.21 
The values per gender were combined to determine any differences between conditions (Figure 
4.24).  The ANOVA determined that there was a significant difference between conditions, 
Wilk‘s Lambda = 0.52, F(2,21) = 9.55, p=0.001, partial eta squared = 0.48.  If the conditions are 
then analysed, the significant difference occurs between the Cool and Warm condition, F(1,22) 
= 14.09, p=0.001, partial eta squared = 0.39. 
 
Figure 4.24 Mean air velocity per condition 
Interpretation of results 
The results have shown, that for most environmental parameters, male and female conditions 
were the same.  Consequently, there should be no effect of air velocity causing a difference in 
subjective scores between genders within each condition.  Statistical analysis determined that 
male air velocities did not significantly differ from that for females in the Neutral and Warm 
conditions, despite visual differences.  Actual differences were extremely small and may not be 
perceived by participants, however, subjective results will be analysed with the possible effect of 
differing air velocities in mind. 
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The difference in air velocities between genders may result in a disparity in sensations, 
particularly draught, throughout the experiment.  The difference in air velocities may have 
resulted from the location of other equipment in the chamber interfering with air flow within the 
room. 
 
When the air velocities per chamber condition were compared, only one comparison (between 
the Cool and Warm condition) was significantly different.  Variations in air velocity were 
designed into the experiment to produce differing thermal sensations.  Figure 4.24 shows that 
the air velocity in the conditions were close to the values set prior to the experiment. 
4.4.2 Environmental Conditions – Outside chamber 
Air temperature 
The majority of female tests were conducted during the winter/spring whereas male tests were 
conducted during the spring/summer.  As a result, male temperatures outside the chamber are 
slightly higher than that for females.  Even though an air conditioner was used to cool the 
space, Figure 4.25 to Figure 4.27 (M = Male, F = Female) show that this did not fully 
compensate for the seasonal differences.  However, it was mitigated as actual outside 
temperatures were close to 24°C. 
 
Figure 4.25 Mean air temperature outside chamber per gender and condition 
Figure 4.25 shows that the female air temperatures are clearly lower than male air temperatures 
with only the female temperature following the Warm condition exceeding the cool condition for 
males.  There is no interaction effect, however, of the condition and gender with the Warm 
condition resulting in the warmest exit temperature and the Cool condition resulting in the 
coolest exit temperature for both genders. 
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Figure 4.26 Total mean air temperature outside chamber per gender 
Figure 4.26 shows that the temperature outside the chamber increases after participants enter 
it; this is primarily to the result of air within the chamber warming the air outside it.  The graph 
shows that the difference between male and female air temperature is almost 1°C and is 
significant, F(1,22) = 4.6, p=0.04, partial eta squared = 0.17 demonstrating a large effect size 
between genders. 
 
Figure 4.27 Total mean air temperature outside chamber per condition 
If the air temperatures per condition, irrespective of gender are compared (see Figure 4.27) it 
can clearly be seen that the warm environmental conditions within the chamber result in a 
warmer air temperature outside the chamber.  This effect was significant, Wilk‘s Lambda = 0.46, 
F(2,21) = 12.37, p<0.001, partial eta squared = 0.54 with both groups showing an increase in 
outside air temperature as the temperature inside increased. 
 
If the conditions are compared, the Neutral condition is significantly different from the Warm, 
F(1,22) = 7.62, p=0.01, partial eta squared = 0.26 and the Cool condition is also significantly 
different from the Warm, F(1,22) = 23.94, p<0.001, partial eta squared = 0.52. 
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Mean radiant temperature 
Mean radiant temperature for the area was calculated per condition and gender and is plotted in 
Figure 4.28.  The graph shows that the mean radiant temperatures per gender were similar 
following each condition (although not necessarily between conditions). 
 
Figure 4.28 Mean radiant temperature outside chamber per condition and gender 
The mean radiant temperatures at time 30 were statistically analysed and it was determined 
that there is no significant difference in mean radiant temperature between genders.  This effect 
can also be seen in Figure 4.29 where the total mean radiant temperatures for the genders are 
compared. 
 
Figure 4.29 Total mean radiant temperature outside chamber per gender 
Figure 4.30 shows the effect of chamber condition on the mean radiant temperature outside the 
chamber.  Following the Warm condition, mean radiant temperature is approximately 2°C higher 
than in the Neutral and Cool conditions. 
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Figure 4.30 Total mean radiant temperature outside chamber per condition 
This effect is, again, the result of the warmer temperature inside the chamber, increasing 
temperatures outside the chamber and may result in a different thermal experience than 
following the other two conditions.  The effect of chamber condition is significant, Wilk‘s Lambda 
= 0.629, F(2,21) = 6.18, p=0.008, partial eta squared = 0.371 with the greatest difference 
occurring (as the graph shows) between the Cool and Warm conditions; F(1,22) = 12.90, 
p=0.002, partial eta squared = 0.37.  The difference between the Neutral and Warm conditions 
is also large; F(1,22) = 6.67, p=0.02, partial eta squared = 0.23,  There is no significant 
difference, however, between the Neutral and Cool conditions. 
Relative humidity and partial vapour pressure 
Relative humidity per gender and chamber condition is plotted in Figure 4.31 and clearly shows 
that relative humidity is higher for males following all three chamber conditions.  There is also a 
difference in the distribution of the relative humidities, between genders.  Males experienced the 
highest relative humidity following the Neutral condition, while those after the Cool and Warm 
conditions were similar.  Conversely, the highest relative humidity occurred following the Cool 
condition for females and the lowest after the Warm condition. 
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Figure 4.31 Mean relative humidity outside chamber per condition and gender 
The Mixed-between ANOVA determined that there is a significant interaction between the 
chamber condition and gender, Wilk‘s Lambda = 0.69, F(2,21) = 4.69, p=0.02, partial eta 
squared = 0.31.  The largest difference occurs between the two Neutral values with 
approximately 12.6% difference in relative humidity. 
 
Figure 4.32 shows the overall difference between relative humidity and gender which shows 
that there is an overall mean difference of 9%.  The difference between genders is significant, F 
(1,22) = 13.72, p=0.001, partial eta squared = 0.38. 
 
Figure 4.32 Total mean relative humidity outside chamber per gender 
The ANOVA also concluded that there is a significant difference in relative humidity between 
conditions, Wilk‘s Lambda = 0.75, F (2,21) = 3.59, p=0.045, partial eta squared = 0.26.  If the 
different conditions are contrasted then the difference occurs between the Cool and Warm 
condition where, F(1,22) = 7.28, p=0.01, partial eta squared = 0.25, with the cool condition 
having a higher humidity. 
127 
 
Figure 4.33 Total mean relative humidity outside chamber per condition 
Partial vapour pressures were calculated and are presented per condition and gender in Figure 
4.34 which clearly shows that female partial vapour pressures were considerably lower than 
male‘s for the three conditions. 
 
Figure 4.34 Mean partial vapour pressure outside chamber per gender and condition 
There was a main effect of the interaction between the condition and gender, Wilk‘s Lambda = 
0.73, F (2,21) = 3.97, p=0.04, partial eta squared = 0.27. 
 
If these values are combined to provide an overall statistic for gender (Figure 4.35) then there is 
a difference of approximately 250Pa. 
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Figure 4.35 Total mean partial vapour pressure outside chamber per gender 
The difference between genders is statistically significant, F (1,22) = 15.12, p=0.001, partial eta 
squared = 0.41 with male partial vapour pressures higher than females. 
 
The male and female results were combined to determine any effect of chamber condition on 
partial vapour pressure (Figure 4.36).  The ANOVA determined that there is no significant 
difference between the three chamber conditions. 
 
Figure 4.36 Total mean partial vapour pressure outside chamber per condition 
Air velocity 
Air velocity per gender and chamber condition were plotted in Figure 4.37 and analysed using a 
Mixed between-within subjects ANOVA.  The graph shows that male air velocities appear to be 
slightly greater than females on each occasion which is shown more clearly in Figure 4.38 when 
the air velocities are combined. 
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Figure 4.37 Mean air velocity outside chamber per gender and condition 
The ANOVA determined that there was no main effect of condition (Wilk‘s Lambda = 0.85, F 
(2,21) = 1.84, p=0.18, partial eta squared = 0.15) or an interaction between gender and 
condition (Wilk‘s Lambda = 0.96, F(2,21) = 0.42, p=0.67, partial eta squared = 0.04).  However, 
air velocities in the Warm condition violate the assumption of equality of error variances and 
therefore, results must be analysed with care. 
 
Figure 4.38 Total mean air velocity outside chamber per gender 
Figure 4.39 separates the air velocities per condition and shows that cool air velocities are 
slightly higher than the other two chamber conditions.  This effect was not however, significant. 
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Figure 4.39 Total mean air velocity outside chamber per condition 
Interpretation of results 
Air temperatures outside the chamber were statistically compared and were significantly 
different between both gender and condition.  There may, therefore, be subtle differences in 
sensation outside the chamber between males and females resulting from the difference in air 
temperature.  Actual differences between genders were, on average, 1°C with differences 
between conditions ranging from 0.6-1.3°C.  This may result in a change of PMV (and therefore 
AMV) by approximately 0.3 units (Spagnolo and de Dear 2003). 
 
The only differences in mean radiant temperature occurred between chamber conditions, 
therefore any differences between subjective scores of males and females will not result from 
mean radiant temperatures.  There were, however, differences between conditions which 
ranged from 0.4-1.3°C and may, therefore, impact sensations outside the chamber. 
 
The difference in relative humidity and partial vapour pressure between genders may result in 
slightly different subjective experiences due to the possible condensation of water vapour within 
the clothing due to the change in dew point.  There was also an interaction between the 
chamber condition and gender, therefore the responses to the change may not be the same for 
each condition for both genders.  The highest partial vapour pressure for males occurred 
following the Neutral condition but following the Cool condition for females.  This, again, may 
result in different thermal experiences and may be evident in sensation and stickiness scores. 
 
There were no statistical differences in air velocities between either genders or chamber 
condition; therefore there should be no effect of air velocity on sensation.  Still-air is often 
referred to as <0.15ms-1 and as air velocities outside the chamber are consistently less than this 
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throughout the experiment it can, therefore, be concluded that there should be no perceptible 
difference. 
 
PMV will provide a mechanism for integrating the effects of the environmental variables and will 
be the best indicator whether the thermal experience differs between genders and conditions.  
This will be analysed in the section 4.4.7 to determine whether there were gender differences in 
the environment outside the chamber. 
 
Overall it can be concluded for individual variables that although differences in environmental 
conditions were found, these had minimal effect and it is reasonable to conclude that any 
differences in responses were due to their gender or chamber condition. 
4.4.3 Objective Results – Mean Skin Temperature 
Male vs. female 
Mean skin temperature per gender and environmental condition are plotted in Figure 4.40 to 
Figure 4.42.  The vertical lines indicate the time of entry and exit to the chamber and the graphs 
clearly show that male skin temperatures are higher than female‘s throughout the experiment 
 
Figure 4.40 Mean skin temperature per gender – Neutral 
Skin temperatures were split into start and end mean skin temperature to determine for 
significant differences between gender and chamber conditions.  There is a dip in mean skin 
temperature for both genders at the beginning of the experiment, this results from exiting the 
warm preparation room and being weighed. 
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Figure 4.41 Mean skin temperature per gender – Cool 
The Mixed between-within groups ANOVA determined that there were no significant interactions 
between chamber condition and gender at the start of the experiment, Wilk‘s Lambda = 0.95, 
F(2,21) = 0.59, p=0.56, partial eta squared = 0.05.  There was also no interaction between the 
condition and genders at the end of the experiment, Wilk‘s Lambda = 0.86, F(2,21) = 1.67, 
p=0.21, partial eta squared = 0.14. 
 
Figure 4.42 Mean skin temperature per gender – Warm 
There was a significant difference between male and female skin temperatures at the start of 
the experiment, F(1,22) = 21.27, p<0.0005, partial eta squared = 0.49.  Table 4.9 shows the 
mean skin temperature at the start of the experiments where the mean difference between 
starting skin temperatures is approximately 1.4°C. 
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Table 4.9 Mean skin temperature at experiment start (SD in brackets) 
Chamber condition Male Female 
Neutral (°C) 
32.23 
(0.59) 
30.89 
(0.92) 
Cool (°C) 
32.34 
(0.73) 
31.00 
(0.84) 
Warm (°C) 
32.35 
(0.96) 
30.69 
(1.11) 
At the end of the experiment, there was also a significant difference in mean skin temperatures 
between genders, F(1,22) = 6.23, p=0.02, partial eta squared = 0.22.  Actual mean values are 
shown in Table 4.10 with a mean difference between genders of approximately 0.5°C.  Using a 
Bonferroni corrected α=0.017, an independent samples t-test was conducted to determine 
where differences between genders occurred.  Mean skin temperatures were significantly 
different between genders at each point except in the Warm condition at the end of the 
experiment. 
Table 4.10 Mean skin temperature at experiment end (SD in brackets) 
Chamber condition Male Female 
Neutral (°C) 
33.08 
(0.37) 
32.51 
(0.65) 
Cool (°C) 
31.62 
(0.58) 
30.87 
(0.65) 
Warm (°C) 
34.31 
(0.77) 
34.02 
(0.65) 
The mean skin temperatures per condition and gender are shown in Figure 4.43 and the 
differences between the genders and conditions can clearly be seen.  Although males and 
females start with skin temperatures different from one another, there are no differences in 
mean skin temperatures between the three conditions.  Both the Warm and Neutral conditions 
cause an increase in skin temperature which begins to plateau after 20 minutes inside the 
chamber.  The Cool condition shows no real change in skin temperature throughout the time in 
the chamber for females and a slow reduction in skin temperature for males. 
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Figure 4.43 Mean skin temperature per gender and condition 
On exiting the chamber, skin temperatures following the Warm and Neutral conditions decline 
and the Warm skin temperature declines at a greater rate than the Neutral.  Cool condition skin 
temperatures increase on exit. 
 
There was no main effect of chamber condition on starting mean skin temperature, Wilk‘s 
Lambda = 0.95, F(2,21) = 0.59, p=0.58, partial eta squared = 0.05.  However the end skin 
temperatures in the Neutral condition violated the assumptions of the Levene‘s test and 
therefore must be treated with caution. 
 
There was, as predicted, an effect of chamber condition on end mean skin temperature, Wilk‘s 
Lambda = 0.038, F(2,21) = 264.99, p<0.001, partial eta squared = 0.96.  When the conditions 
were compared with one another, there was a significant difference between Neutral and Warm 
mean skin temperatures, F(1,22) = 138.64, p<0.001, partial eta squared = 0.86.  There was also 
a significant difference between the Cool and the Warm mean skin temperatures F(1,22) = 
553.92, p<0.001, partial eta squared = 0.96. 
Interpretation of results 
There was no interaction in mean skin temperatures between chamber conditions and genders 
indicating that both males and females reacted similarly to the different environmental 
conditions.  There was, however, a difference between male and female skin temperatures at 
the start and end of the experiment both within the two groups and between them. 
 
The results show that females, on average, exhibit lower skin temperatures than males although 
patterns of temperature change are similar for the two genders.  The following section will 
determine if the difference in mean skin temperature results in a difference in sensation 
between genders. 
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There were no significant differences in mean skin temperatures at the start of the experiment 
between chamber condition.  Therefore participants began the experiments in the same 
physiological state, so any changes after this must, result from the conditions participants were 
exposed to.  By the end of the experiment, participants were in three different physiological 
states as shown by mean skin temperature.  At this point, changes in sensation may result from 
changing conditions in addition to different mean skin temperatures. 
4.4.4 Objective measurements – Hand temperature 
Male vs. female 
Hand temperature is plotted per gender and environmental condition in Figure 4.44 to Figure 
4.47.  Once again, skin temperatures were split into start and end temperatures to be 
statistically analysed.  In addition to the start (0 minutes) and end (30 minutes) temperatures, 
hand temperature when outside (≈31 minutes) was also compared between genders and 
chamber condition to determine whether a change in hand temperature would cause a change 
in sensation.  As the hands are an extremity on the body and tend to be exposed, they may 
react faster than mean skin temperature alone. 
 
Figure 4.44 shows the hand temperature per gender in the Neutral condition, similar to mean 
skin temperature, female hand temperatures are lower than male‘s throughout the experiment.  
The mixed between-within subjects ANOVA determined that there were no significant 
differences in starting hand temperatures between genders across the three conditions, F(1,21) 
= 2.37, p=0.14, partial eta squared = 0.10. 
 
Figure 4.44 Hand temperature – Neutral 
Hand temperature in the Cool condition is shown in Figure 4.45 where temperatures, once 
again, are lower for females than males.  The statistical analysis determined that there were 
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also no significant differences in end hand temperatures between genders across the three 
conditions, F(1,22) = 1.89, p=0.18, partial eta squared = 0.08. 
 
Figure 4.45 Hand temperature – Cool 
Figure 4.46 shows the result for the Warm condition and it can be seen that hand temperatures 
for females at the start of the experiment are lower than males, however, after approximately 20 
minutes in the chamber, values coincide. 
 
Figure 4.46 Hand temperature – Warm 
Figure 4.47 shows hand temperature per gender and per chamber condition and it can be seen 
that there is greater variety in hand skin temperature at the start of the experiment than there is 
between mean skin temperatures.  Female skin temperatures for all conditions at the start of the 
experiment are lower than males.  There was no interaction effect of condition and gender 
across the three conditions and there was no effect of condition on skin temperature at the start 
of the experiment, Wilk‘s lambda = 0.92, F(2,20) = 0.89, p=0.42, partial eta squared = 0.08. 
 
There was a significant difference between the skin temperatures at the end of the experiment, 
Wilk‘s lambda = 0.14, F(2,21) = 63.12, p<0.001, partial eta squared = 0.86.  When the 
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conditions were contrasted, there was a significant difference between the Neutral and Warm 
conditions F(1,22) = 69.79, p<0.001, partial eta squared = 0.76 and between the Cool and 
Warm conditions F(1,22) = 130.47, p<0.001, partial eta squared = 0.86. 
 
Figure 4.47 Hand temperature per gender and chamber condition 
Finally, hand temperature at the end of the experiment was compared in a paired t-test with the 
hand temperature immediately after exiting.  With a Bonferroni corrected α=0.017, there are two 
significantly different results.  The Neutral condition has a significant result t(23) = 2.92, p<0.01 
(two-tailed) with a mean decrease in temperature of 0.18°C with a 95% confidence interval 
ranging from 0.05 to 0.31, eta squared = 0.27.  The Warm condition also has a significant result 
t(23) = 3.54, p<0.01 with a mean decrease in temperature of 0.31°C with a 95% confidence 
interval ranging from 0.13 to 0.48, eta squared = 0.35.  There was no significant decrease in 
temperature in the Cool condition despite a mean decrease of 0.17°C. 
Interpretation of results 
Male and female hand temperatures showed no significant differences despite visible 
differences on the graphs.  Therefore any differences between genders and their subjective 
responses cannot be attributed to differences in hand temperatures. 
 
There were significant differences in hand temperatures between the conditions at the end of 
the experiment, in addition to a significant decrease in hand temperature after exiting the 
chamber in the Neutral and Warm conditions.  The decrease in temperature at this point may 
result in a decrease in sensation; however the temperature change is minimal in comparison 
with the total change throughout the experiment.  There is no significant change in temperature 
in the Cool condition despite the temperature decrease being 0.17°C, similar to the Neutral 
condition.  It is therefore difficult to determine whether this change should affect sensation. 
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4.4.5 Objective results – Weight 
Weight was measured during the experiment and values obtained are shown in Table 4.11 with 
body mass loss results in Table 4.12.  The greatest nude mass loss occurred in the Warm 
condition for males and in the Neutral condition for females.  The wet weight of clothing, 
measured for 5 minutes at the end of the experiment, showed that there were slight fluctuations 
over time.  Following the Neutral condition, weight fluctuated for males and steadily increased 
after 4 minutes.  Females showed continual fluctuation of weight throughout the measuring 
period in the Neutral condition. 
Table 4.11 Weights at different points during the experiment (SD in brackets) 
  
Neutral Cool Warm 
  
M F M F M F 
Weight 
(kg) 
Nude Before 79.399 62.789 79.645 62.980 79.475 62.591 
(13.341) (10.171) (13.181) (10.259) (13.192) (9.965) 
Clothed Before 81.490 64.653 81.771 64.837 81.537 64.465 
(13.466) (10.099) (13.258) (10.176) (13.259) (9.918) 
Clothed 
Chamber Start 
81.481 64.816 81.693 65.041 81.517 64.664 
(13.313) (10.147) (13.131) (10.254) (13.116) (9.979) 
Clothed 
Chamber End 
81.393 64.813 81.734 65.022 81.449 64.617 
(13.339) (10.146) (13.062) (10.264) (13.064) (9.968) 
Clothed After 
(1 minute) 
81.433 64.608 81.661 64.816 81.429 64.439 
(13.439) (10.096) (13.196) (10.176) (13.207) (9.921) 
Clothed After 
(2 minutes) 
81.426 64.605 81.669 64.823 81.434 64.429 
(13.437) (10.095) (13.212) (10.178) (13.221) (9.920) 
Clothed After 
(3 minutes) 
81.434 64.610 81.667 64.823 81.442 64.427 
(13.437) (10.094) (13.219) (10.173) (13.218) (9.915) 
Clothed After 
(4 minutes) 
81.430 64.602 81.669 64.826 81.441 64.430 
(13.440) (10.092) (13.214) (10.177) (13.216) (9.915) 
Clothed After 
(5 minutes) 
81.411 64.609 81.664 64.824 81.444 64.425 
(13.453) (10.097) (13.211) (10.180) (13.223) (9.915) 
Nude After 79.316 62.716 79.577 62.917 79.356 62.527 
(13.341) (10.158) (13.132) (10.211) (13.116) (9.969) 
In the Cool condition, there was a slight increase in the wet weight after which, a steady decline 
was noted.  Similar to the females in the Neutral condition, males exhibited a fluctuation in wet 
weight during the Cool condition. 
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The Warm condition resulted in different effects between the genders.  Males exhibited a slight 
increase in wet clothing weight (weight of clothing at the end of the experiment) followed by a 
decline.  Female weights demonstrated a steady increase throughout the 5 minute weighing. 
Table 4.12 Body mass loss 
 
Neutral Cool Warm 
 
M F M F M F 
Mass Loss (nude) (kg) 
Nude start – Nude end 
0.083 0.073 0.068 0.063 0.119 0.064 
(0.074) (0.091) (0.065) (0.086) (0.090) (0.074) 
Dry weight of clothing (kg) 
Clothed start – Nude start 
2.091 1.864 2.125 1.857 2.063 1.874 
(0.188) (0.186) (0.242) (0.218) (0.141) (0.206) 
Wet weight of clothing (kg) 
Clothed end – Nude end 
1 2.117 1.892 2.084 1.900 2.074 1.912 
(0.147) (0.169) (0.146) (0.187) (0.180) (0.188) 
2 
2.110 1.890 2.092 1.907 2.079 1.902 
(0.155) (0.172) (0.148) (0.178) (0.170) (0.189) 
3 
2.118 1.894 2.090 1.906 2.087 1.901 
(0.149) (0.174) (0.156) (0.183) (0.168) (0.194) 
4 
2.114 1.887 2.092 1.909 2.086 1.904 
(0.155) (0.175) (0.148) (0.178) (0.163) (0.194) 
5 
2.095 1.893 2.087 1.908 2.089 1.898 
(0.173) (0.169) (0.151) (0.178) (0.166) (0.196) 
Sweat trapped (kg) 
(Clothed end – Nude end) – (Clothed 
start – Nude start) 
0.026 0.028 -0.042 0.043 0.011 0.038 
(0.066) (0.063) (0.242) (0.087) (0.082) (0.092) 
Sweat evaporated (kg) 
(Nude start – Nude after) – [(Clothed 
end – Nude end) – (Clothed start – 
Nude start)] 
0.057 0.045 0.110 0.020 0.108 0.026 
(0.037) (0.036) (0.240) (0.013) (0.094) (0.033) 
Both genders exhibited similar amounts of sweat trapped in clothing during the Neutral 
condition, however males showed a decrease (i.e. a negative amount of sweat trapped) in the 
Cool condition in comparison to the females who had similar levels for the Cool and Warm 
conditions. 
 
Interestingly, males had similar amounts of sweat evaporated in both the Cool and Warm 
conditions despite the significantly different environmental conditions and both were greater 
than in the Neutral condition.  Females also had similar evaporated sweat levels for the Cool 
and Warm conditions, however both were lower than in the Neutral condition.  Both genders 
had similar sweat evaporated in the Neutral condition. 
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Interpretation of results 
Mass losses during the experiment were similar between genders in the Neutral and Cool 
conditions, however there was a marked difference in the Warm condition.  This condition had 
the greatest mass loss for males and the least for females (although females showed similar 
mass losses for the three conditions). 
 
Wet weights of clothing were shown to fluctuate in different patterns both between genders and 
chamber conditions.  It is difficult to determine whether these result in differences in sensation 
as no further subjective data was collected.  The increase in wet weight for both genders 
following the Cool condition indicates some moisture build-up within the clothing and therefore a 
possible increase in sensation of stickiness. 
4.4.6 Subjective Results – Thermal Sensation 
In the initial determination of the environmental conditions to expose participants to, a metabolic 
rate of 58Wm-2 was used in the calculation.  During the experiment it became evident that the 
metabolic rate was higher than this as participants frequently shifted position, moved to look at 
the thermal scale sheet and were actively engaged in conversation throughout.  For this reason, 
the metabolic rate used to calculate Predicted Mean Vote (PMV) was raised to 70Wm-2, a rate 
equivalent to light office work.  With a metabolic rate of 70Wm-2 the actual PMV for each 
condition should have been: Warm = +2, Neutral = +0.4, Cool = -1.1.  At the time of the 
experiment, the thermal chamber could not regulate cooler temperatures and humidities 
accurately and actual conditions were slightly warmer than predicted. 
Male vs. female 
Thermal sensation throughout the experiment is plotted in Figure 4.48 with a scaled version just 
showing the end of the experiment in Figure 4.49 (OUT refers to measurements made outside 
the environmental chamber).  Figure 4.48 shows how males and females differ during the time 
to steady-state with females feeling warmer in the Cool and Neutral conditions and slightly 
cooler in the Warm condition. 
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Figure 4.48 Mean Sensation scores per gender and chamber condition 
Male and female Actual Mean Votes (AMVs – sensation) were compared using a Mann-Whitney 
U test, the outcome of which determined that there is no significant difference between genders 
and AMVs inside the chamber at 30 minutes and outside the chamber (see Table 4.13 for 
statistics, U = statistic, r = effect size, Md=median). 
 
Figure 4.49 Mean sensation scores in chamber to outside per gender and chamber condition 
Table 4.13 Comparison of gender and sensation 
 
    M F 
U z p r Md Mean Md Mean 
N/In 44.0 -1.77 0.08 0.36 0.0 -0.04 0.1 0.48 
N/Out 57.5 -0.97 0.33 0.20 -1 -1.21 -1.0 -1.03 
C/In 54.0 -1.14 0.26 0.23 -1 -0.96 -0.8 -0.73 
C/Out 65.0 -0.47 0.64 0.10 0 0.00 0.0 -0.22 
W/In 62.5 -0.56 0.57 0.11 1.5 1.83 1.75 1.58 
W/Out 64.0 -0.49 0.63 0.10 -1 -0.75 -1.0 -0.81 
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Comparison of conditions 
Following the determination that there were no differences between genders, the results were 
combined to compare the results of each chamber condition.  Figure 4.50 shows the mean 
sensation throughout the experiment and once again, there is a graph illustrating the sensation 
at 30 minutes and on exiting the chamber (Figure 4.51). 
 
Figure 4.50 Total mean sensation scores per chamber condition 
AMVs were then combined and compared using a Wilcoxon Signed Rank Test using the votes 
at 30 minutes and outside to determine if there were significant differences between the 
chamber and outside conditions.  Results determined that there was a significant difference 
between each condition and that these conditions were significantly different from the values 
outside the chamber.  When outside votes were compared, however, Neutral and Warm votes 
were not different from one another.  Table 4.14 shows the statistics obtained from the Wilcoxon 
analysis and the associated p level and effect size (r). 
Table 4.14 Comparison of AMV and conditions 
 z p r 
N/In v C/In -3.88 <0.001 0.56 
N/In v W/In -3.77 <0.001 0.54 
C/In v W/In -4.14 <0.001 0.60 
N/Out v C/Out -4.09 <0.001 0.59 
N/Out v W/Out -1.70 0.09 0.24 
C/Out v W/Out -2.83 <0.001 0.41 
N/In v N/Out -4.09 <0.001 0.60 
C/In v C/Out -3.20 <0.001 0.46 
W/In v W/Out -4.29 <0.001 0.62 
Figure 4.51 shows that although the environment outside the chamber was similar on each 
occasion, the inside chamber conditions resulted in a different sensation with AMV following the 
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Cool condition resulting in the warmest sensation and the AMV following the Neutral conditions, 
the coolest. 
 
Figure 4.51 Total mean sensation scores in chamber to outside per chamber condition 
The chamber conditions that were warmer than those outside resulted in a reduction in 
sensation whereas the Cool condition showed an increase in sensation.  The votes following the 
Warm condition are slightly higher than those following the Neutral condition indicating there 
may be a ‗lag‘ in sensation with participants still feeling the effects of the warm chamber at this 
point. 
Interpretation of results 
Analysis determined that there were no significant differences between male and female 
sensations during the experiment.  This implies that the slight differences in environments 
observed in section 4.4.1 and 4.4.2 had little effect on sensation.  It also shows that the 
difference in mean skin temperature also had no effect on sensation indicating that females 
were more able to cope with the Neutral and Cool conditions despite their lower skin 
temperature. 
 
Although the three conditions inside the chamber elicited significantly different sensations, 
sensations outside the chamber were not significantly different from one another following the 
Warm and Neutral conditions,  This is particularly interesting as the previous section has shown 
that participants also had significantly different mean skin temperatures at this point.  Therefore, 
in transient environments, mean skin temperature is not a reliable indicator of sensation and 
that there are other factors that cause the change in sensation.   The decrease in hand 
temperature, however, may cause the sensation reduction in the Neutral and Warm conditions.  
Sensation following the Cool condition was significantly warmer than the other two indicating 
that there is no lag or continuation of the cool sensation and participants immediately perceive 
the slightly warmer environment despite still having lower skin temperatures. 
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These results have shown that here is an instantaneous and significant change in sensation as 
a direct result of the interaction between the two environments.  Sensation following the Warm 
condition decreased but not to the same point as that following the Neutral condition, the rate of 
change, however, was greater.  Sensation following the Cool condition increased, reflecting the 
slightly warmer conditions outside in comparison to those inside the chamber. 
 
Subjective results now need to be compared with the existing model of sensation, Predicted 
Mean Vote (PMV) to determine its suitability in the case of transient environments where people 
move from one set of conditions to another. 
4.4.7 Subjective Results – Predicted Mean Vote 
Male vs. Female 
Section 4.4.2 has shown that there were slight differences in environmental conditions outside 
the chamber between genders.  PMV was therefore compared at this point to determine if these 
differences were likely to impact on the Actual Mean Votes between genders (see Figure 4.52). 
 
Figure 4.52 Comparison of PMVs and gender 
There was no significant difference in the PMV between genders when outside the chamber; 
Neutral, F(1,22) = 1.25, p=0.28, eta squared = 0.05, Cool F(1,22) = 2.26, p=0.15, eta squared = 
0.09, Warm F(1,22) = 0.37, p=0.55, eta squared = 0.02. 
 
PMVs inside the chamber were not compared between genders because no significant 
differences between environmental conditions were observed and it was therefore not 
necessary to compare the predicted sensations between genders. 
Comparison of conditions 
As AMVs between genders were not significantly different and were combined for comparison 
of chamber conditions, the PMVs can also be combined in this way.  Figure 4.53 shows the 
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calculated PMV throughout the experiment per chamber condition and Figure 4.54 shows only 
the values at 30 minutes and when outside the chamber. 
 
The graphs show that the chamber conditions were relatively constant throughout the 
experiment.  The Warm condition was close to predicted values of 2 units on the scale however 
both the Neutral and Cool conditions were warmer than predicted with values of approximately 
0.5 and -1 respectively. 
 
The conditions outside the chamber were similar for the three chamber conditions with values of 
approximately -0.1 although the Warmer chamber condition resulted in a slightly warmer PMV. 
 
Figure 4.53 Total mean PMV per chamber condition 
The PMVs at 30 minutes and when outside were compared to determine whether the chamber 
environments were different from one another and whether the conditions outside the chamber 
were the same. 
 
Figure 4.54 Total mean PMV in chamber and outside per chamber condition 
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The ANOVA determined that there were significant differences in the PMV between each 
chamber condition with a Wilk‘s Lambda = 0.008, F(12,21) = 1332.66, p<0.001, partial eta 
squared = 0.99.  The pairwise comparison determined that significant differences occurred 
between each of the conditions; Neutral and Cool p<0.001, Neutral and Warm p<0.001, Cool 
and Warm p<0.001. 
 
When outside the chamber, significant differences were also observed, Wilk‘s Lambda = 0.51, 
F(2,21) = 10.18, p<0.001, partial eta squared = 0.49.  When compared, the Warm condition was 
significantly warmer with a PMV value approximately 0.2 greater than the other two conditions 
(between Neutral and Warm p=0.007 and between the Cool and Warm p<0.001). 
Comparison of Actual Mean Vote and Predicted Mean Vote 
Finally, PMV was compared with AMV to determine its suitability for use under transient 
conditions.  Figure 4.55 shows a comparison of AMV (solid lines) and PMV (dotted lines) with 
Figure 4.56 showing a comparison at only the 30 minute and outside chamber points. 
 
Figure 4.55 shows that, in the Cool condition, participants take approximately 20 minutes to 
reach steady-state.  In the other two conditions this effect is not as prevalent although scores do 
start to plateau after 20 minutes. 
 
Figure 4.55 Total mean AMV and PMV per chamber condition 
By the end of the experiment, PMV closely predicts AMV and the Wilcoxon test (with a 
Bonferroni corrected α of 0.017) determined that there were no significant differences between 
AMV and PMV at the 30 minute point.  Table 4.15 shows the actual test statistics obtained in 
the analysis. 
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Table 4.15 Comparison of AMV and PMV at 30 minutes 
 z p r 
N/In v NPMV/In -2.06 0.04 0.30 
C/In v CPMV/In -0.85 0.40 0.12 
W/In v WPMV/In -0.64 0.52 0.09 
PMV and AMV were also compared outside the chamber (see Figure 4.56) and the graph 
shows that for both the Warm and Neutral conditions, AMVs ‗overshoot‘ values predicted by 
PMV and participants felt cooler than expected.  Conversely, Cool AMVs immediately altered to 
predicted values. 
 
Figure 4.56 Total mean AMV and PMV in chamber and outside per chamber condition 
AMVs and PMVs were again statistically compared and a significant difference was observed 
between Neutral AMVs and PMVs and between Warm AMVs and PMVs (actual test statistics 
are shown in Table 4.16) 
Table 4.16 Comparison of AMV and PMV outside the chamber 
 z p r 
N/Out v NPMV/ Out -4.21 <0.001 0.60 
C/ Out v CPMV/ Out -1.167 0.24 0.17 
W/ Out v WPMV/ Out -3.23 0.001 0.47 
Interpretation of results 
Predicted Mean Vote 
PMVs per gender outside the chamber were compared to determine whether differences in 
environmental conditions were likely to result in a difference in sensation.  There were no 
significant differences in PMV between genders at this point and therefore any subsequent 
differences in sensation should result from a difference between genders rather than a 
difference in conditions. 
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PMVs inside the chamber for each condition were compared and it was concluded that each 
condition was separate from one another with no cross-over between conditions.  Therefore the 
AMVs obtained should also be distinct from one another. 
 
The warm conditions inside the chamber resulted in a PMV outside the chamber that was 
significantly different from the Neutral and Cool conditions.  The difference between values was 
0.15 in the case of the Neutral condition and 0.22 for the Cool which is, practically, a small 
difference, particularly as the majority of participants gave scores using whole units, this may 
have little effect on AMVs. 
 
Actual Mean Vote & Predicted Mean Vote 
As AMVs reached those predicted by PMV after approximately 20 minutes, it can be concluded 
that participants had reached steady-state by the end of the experiment.  PMV accurately 
predicted sensation at the 30 minute point as there was no significant difference between AMVs 
and PMVs. 
 
Despite the significantly different PMV outside the chamber following the Warm condition, there 
was no difference between AMVs following the Warm and Neutral conditions.  Therefore, the 
effect of slightly warmer air temperatures following the Warm condition may not have affected 
AMVs.  The PMV following the Warm condition is approximately 0.14 higher than that following 
the Neutral condition indicating that there may be a systematic error of this magnitude between 
AMVs. 
 
Results have shown that, in the case of moving from warmer conditions to cooler conditions, 
PMV does not accurately predict sensation and the model needs adapting to account for the 
observed ‗overshoot‘ in sensation.  However, in the case of moving from colder conditions to 
warmer environments, sensation immediately changes to a value that can be predicted using 
PMV. 
4.4.8 Subjective Results – Thermal Comfort 
Male vs. female 
Graphs showing differences between male and female comfort scores are shown in Figure 4.57 
to Figure 4.59.  Figure 4.57 shows the result in the Neutral condition and it can be seen that 
male and female scores are similar throughout the experiment except on exiting, where females 
experience slightly more discomfort than males. 
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Figure 4.57 Mean comfort scores per gender – Neutral 
A Mann Whitney U test was conducted to determine if there were any differences between male 
and female scores at the 30 minute point and once outside the chamber.  The test determined 
that in the Neutral condition, there is no significant difference between genders. 
 
The results in the Cool condition are shown in Figure 4.58 and once again, both genders 
experience similar comfort levels, although females record slightly higher scores than males.  
On exiting the chamber, discomfort decreases slightly for both genders. 
 
Figure 4.58 Mean comfort scores per gender – Cool 
The Mann Whitney test determined that there is no significant difference between male and 
female comfort levels either at 30 minutes or on exiting the chamber. 
 
Figure 4.59 shows the results for the Warm condition and it can clearly be seen that males 
experience greater levels of discomfort than females during the time in the chamber.  On 
exiting, both genders experience a reduction in discomfort with males experiencing the greatest 
change where discomfort is removed completely. 
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Figure 4.59 Mean comfort scores per gender – Warm 
The statistical analysis revealed that there were no significant differences between genders at 
the 30 minute point, however, on exiting the chamber, there was a significant difference which 
was less than the Bonferroni corrected α=0.017 (0.05/3 chamber conditions).  Table 4.17 shows 
the results obtained in the analysis, each of the significance levels, their associated effect size 
and median (Md) and mean values. 
Table 4.17 Comparison of gender and comfort 
 
    M F 
U z p r Md Mean Md Mean 
N/In 66.0 -1.00 0.32 0.20 1.00 1.00 1.00 1.04 
N/Out 54.0 -1.81 0.07 0.37 1.00 1.00 1.00 1.25 
C/In 65.5 -0.53 0.60 0.11 1.00 1.13 1.00 1.21 
C/Out 54.0 -1.81 0.07 0.37 1.00 1.00 1.00 1.16 
W/In 56.5 -0.92 0.36 0.19 2.00 2.08 1.25 1.81 
W/Out 42.0 -2.45 0.01 0.50 1.00 1.00 1.00 1.36 
Comparison of conditions 
As the majority of comfort scores showed no difference between genders, they were combined 
to determine whether there were differences between the chamber conditions.  Figure 4.60 
shows the comparison between the three conditions and the Warm condition was clearly found 
to produce the most discomfort.  The Neutral and Cool conditions were relatively similar 
throughout the experiment, although discomfort did increase slightly during the Cool condition. 
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Figure 4.60 Total mean comfort scores per condition 
There was no significant difference in comfort scores at the 30 minute point between the Neutral 
and Cool conditions, however there was a significant difference between the Neutral and Warm 
and the Cool and Warm conditions.  Despite differences inside the chamber, there were no 
significant differences between comfort after participants had exited the chamber.  Statistics are 
shown in Table 4.18. 
Table 4.18 Comparison of comfort and conditions 
 z p r 
N/In v C/In -1.82 0.07 0.26 
N/In v W/In -3.43 <0.01 0.49 
C/In v W/In -3.19 <0.01 0.46 
N/Out v C/ Out -1.34 0.18 0.19 
N/Out v W/Out -1.09 0.28 0.16 
C/Out v W/Out -1.47 0.14 0.21 
Interpretation of results 
There was only one significant difference between male and female comfort scores and this 
occurred in the Warm condition once participants had exited the chamber.  The difference 
showed a large effect size indicating that the majority of females experienced greater levels of 
discomfort than males.  The median value, however, was the same as males (1) indicating that 
it may be the individual scores of several participants‘ may be skewing the data.  However, the 
actual difference in mean scores is only 0.36, which, when participants were scoring using 
whole units, may be a small difference in practical terms. 
 
There were no differences in the comfort of participants in the Cool and Neutral conditions 
despite the differences in sensation observed in section 4.4.6.  This indicates that comfort is 
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independent of sensation to a certain extent and we cannot infer that because someone is 
feeling slightly cool, that they are also uncomfortable. 
 
Comfort scores for the Warm condition inside the chamber were significantly more 
uncomfortable that the other two conditions.  The greatest difference in scores occurs between 
the Neutral and Warm conditions (0.93) with a smaller difference occurring between the Cool 
and Warm (0.78).  The smaller difference results from discomfort experienced in both conditions 
but for different reasons (uncomfortable from cold and uncomfortable from warmth).  The scale 
is therefore unable to determine the source of discomfort and must be used in conjunction with 
other scales to identify the cause. 
4.4.9 Subjective Results – Thermal Preference 
Male vs. female 
Male and female thermal preference per chamber condition is plotted in Figure 4.61 to Figure 
4.63.  Figure 4.61 shows the preference scores in the Neutral condition and throughout the 
experiment, males preferred to feel slightly cooler than females.  Once outside the chamber, 
both genders had similar preferences, wanting to feel slightly warmer. 
 
Figure 4.61 Mean preference scores per gender – Neutral 
The preference scores at 30 minutes and outside the chamber were compared with a Mann-
Whitney U test and no significant difference between genders was observed. 
 
The preference scores in the Cool condition are shown in Figure 4.62 and throughout the time 
in the chamber, females preferred to feel warmer than males.  This effect is also observed when 
participants exited the chamber.  Although there are visible differences between genders, they 
are not statistically significant. 
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Figure 4.62 Mean preference scores per gender – Cool 
Figure 4.63 shows the preference scores during the Warm condition and once again, males 
prefer to feel cooler than females although the pattern of preference for both genders is similar.  
On exiting the chamber, both genders experience an increase in preference scores, with males 
preferring no change and females preferring the environment to be slightly warmer. 
 
Figure 4.63 Mean preference scores per gender – Warm 
The preference scores at 30 minutes and on exiting the chamber were compared and there was 
no significant difference between genders.  Table 4.19 shows the statistics obtained during the 
analysis of preference and gender. 
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Table 4.19 Comparison of preference and gender 
 
    M F 
U z p r Md Mean Md Mean 
N/In 58.5 -0.93 0.35 0.19 0.00 -0.25 0.00 -0.13 
N/Out 66.0 -0.38 0.71 0.08 0.50 0.50 0.00 0.45 
C/In 62.0 -0.67 0.50 0.14 0.00 0.33 0.00 0.58 
C/Out 54.5 -1.26 0.21 0.26 0.00 0.04 0.00 0.52 
W/In 47.5 -1.48 0.14 0.30 -2.00 -1.83 -1.00 -1.30 
W/Out 54.0 -1.20 0.23 0.24 0.00 0.00 0.50 0.38 
Comparison of conditions 
Male and female scores were combined and plotted in Figure 4.64 and the differences between 
each chamber condition can clearly be seen.  Both the Cool and Neutral conditions had similar 
preference scores and participants preferred to feel cooler in the Warm condition.  Significant 
differences in preference scores at the 30 minute point were observed between each chamber 
condition (with a Bonferroni corrected α of 0.017) with values between the Neutral and Cool 
condition – z = -3.25, p<0.001 with an effect size of 0.47, between the Neutral and Warm 
condition – z = -3.53, p<0.001 with an effect size of 0.56 and finally between the Cool and 
Warm condition – z = -3.19, p<0.001 with an effect size of 0.60. 
 
Figure 4.64 Total mean preference scores per condition 
On exiting the chamber, preference scores for the Neutral and Warm conditions increased 
although participants preferred to feel warmer on exiting the Neutral condition than in the Warm 
condition.  Following the Cool chamber condition, participant‘s preference scores reduced 
although the actual value was greater than that following the Warm condition.  Despite the same 
conditions outside the chamber after each experiment, preference scores differed.  Statistical 
analysis determined that there were no significant differences between preference scores at this 
point. 
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Interpretation of results 
The results of the comparison of preference scores between genders has shown that there is no 
difference between male and female preference scores and therefore the results were 
combined to compare results between conditions.  Although there were no significant 
differences between preference scores and gender, the graphs suggest that males prefer to feel 
slightly cool as preference scores in the Cool condition stated that males required no change in 
their thermal state (this is equal to a sensation of -1).  Additionally, in the Neutral condition, 
where males had a mean sensation of -0.03, preference scores rated that they would like to feel 
slightly cooler.  Conversely, females preferred no change in the Neutral condition which resulted 
in sensations between neutral and slightly warm indicating that females may prefer 
environments set around neutral. 
 
The differences between the preference scores in each condition correlate with the difference in 
AMV observed at this point but not with comfort indicating that AMV and preference are more 
closely related than either is with comfort.  The relationship, however, may result from the 
similarity between the design of the two scales. 
 
There were no differences in preference once outside the chamber with participants preferring 
to feel warmer in each of the conditions.  There is a difference, however in the direction of 
preference with values following the Neutral and Warm conditions increasing and values 
following the Cool condition decreasing. 
 
The results in this section have shown that the three different environmental conditions result in 
different thermal preferences.  These, however, do not have a significant effect on the thermal 
preference outside the chamber. 
4.4.10 Subjective Results – Stickiness 
Male vs. female 
Stickiness scores per gender and chamber condition are shown in Figure 4.65 to Figure 4.67.  
The stickiness scores for the Neutral condition are shown in Figure 4.65 and both male and 
female votes are similar throughout the experiment.  Statistical analysis determined that there is 
no significant difference between scores either at the 30 minute point or when outside the 
chamber despite female values appearing slightly higher. 
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Figure 4.65 Mean stickiness scores per gender – Neutral 
The stickiness scores for the Cool condition are shown in Figure 4.66 and once again male and 
female votes are similar throughout although female stickiness votes are slightly higher towards 
the end of the experiment.  There was no significant difference between male and female 
scores in the Cool condition. 
 
Figure 4.66 Mean stickiness score per gender- Cool 
The values for the Warm condition are plotted in Figure 4.67 which clearly shows that male 
stickiness scores are much higher than female‘s throughout the time in the chamber.  Female 
scores increase steadily during the experiment and plateau after about 25 minutes. 
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Figure 4.67 Mean stickiness scores per gender – Warm 
There was no significant difference between male and female stickiness scores at the 30 minute 
point and outside the chamber despite the visible differences on the graph. 
Comparison of conditions 
Figure 4.68 shows the mean values for each condition; Neutral and Cool conditions have similar 
stickiness scores throughout the experiment, however Warm condition scores are markedly 
higher. 
 
Figure 4.68 Total mean stickiness scores per condition 
The Warm condition score at 30 minutes is significantly different from both the Neutral (z =-3.55, 
p<0.001, r = -0.51) and Cool (z = -3.26, p=0.001, r = -0.47) conditions.  When the stickiness 
values outside the chamber were compared, there was no significant difference between the 
three conditions even though Warm values are greater. 
Interpretation of results 
Males and females had comparable responses to the environment with similar stickiness scores 
recorded.  Even though there were differences between stickiness votes in the Warm 
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conditions, none were statistically significant.  The difference does reflect the difference in 
sweat lost during this condition. 
 
The Warm condition resulted in greater stickiness scores than in the other two conditions, and 
this is to be expected as participant‘s thermoregulatory system responded to the increased 
temperature.  On exiting the chamber there was an immediate reduction in stickiness scores 
which is interesting as it suggests that the excess water evaporated on exit.  Stickiness is often 
correlated with discomfort and has been observed in this experiment as participants 
experienced the greatest discomfort in the Warm condition (see section 4.4.8)  Comfort 
increased on exit as stickiness decreased, demonstrating the relationship between the two 
parameters.. 
4.4.11 Subjective Results – Pleasantness 
Male vs. female 
Figure 4.69 to Figure 4.71 illustrate the pleasantness scores per gender and chamber condition.  
Figure 4.69 shows the results for the Neutral condition where male and female scores are 
similar throughout the time in the chamber.  Once outside, female pleasantness scores 
decrease and they find the environment slightly more unpleasant than the males. 
 
Figure 4.69 Mean pleasantness scores per gender – Neutral 
Statistical analysis determined that there was no significant difference between male and 
female pleasantness scores either at the 30 minute point or when outside the chamber. 
 
Figure 4.70 shows the results in the Cool condition where males find the environment more 
pleasant than females, although females find the environment neither pleasant nor unpleasant. 
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Figure 4.70 Mean pleasantness scores per gender – Cool 
Once again, there were no significant differences between male and female pleasantness 
scores at the 30 minute point or when outside the chamber. 
 
The values for the Warm condition are plotted in Figure 4.71 which shows that males found this 
environment more unpleasant than females whilst in the chamber and experienced a greater 
increase in satisfaction on exiting it. 
 
Figure 4.71 Mean pleasantness scores per gender – Warm 
Statistical analysis determined that there was no significant difference between genders inside 
the chamber at 30 minutes; however, there was a significant difference after exiting the 
chamber (U = 19, z = -3.187, p = 0.001, r = 0.65). 
Comparison of conditions 
As male and female scores were the same for both the Neutral and Cool conditions, they were 
combined to determine for any differences between conditions.  Although there was a significant 
difference between genders when outside the chamber after the Warm condition, they were 
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combined for the purposes of this analysis.  Results, however, must be treated with caution as 
they may be confounded by the differences between genders. 
 
Figure 4.72 Total mean pleasantness scores per condition 
Figure 4.72 shows the mean values per chamber condition and it can be seen that at the 
beginning of the Cool condition, participants found the environment pleasant, after which, 
values decreased.  The opposite effect was observed for the Neutral condition, although overall 
values were similar for the two conditions.  The Warm condition was found to be the most 
unpleasant condition with constant values during the experiment. 
 
Results at the 30 minute point were compared statistically and it was found that the Warm 
condition was significantly different from both the Neutral (z = -3.63, p<0.001, r = 0.53) and Cool 
(z = -3.47, p=0.001, r = 0.47) conditions.  The Neutral and Cool conditions, however, were not 
significantly different from one another. 
 
After participants exited the chamber, pleasantness values were similar for the three conditions 
and there was no significant difference between them. 
Interpretation of results 
Male and female scores were only significantly different on exiting the chamber following the 
Warm condition.  Males experienced a greater sense of relief and pleasure on exiting the 
chamber and entering cooler conditions.  Females also experienced an increase in 
pleasantness scores, although the increase was not as great as the male‘s.  The results 
indicate that males experience greater discomfort and unpleasantness in Warm environments.  
The increase in male pleasantness coincided with the decrease in discomfort at this point. 
 
Results were combined in spite of the difference between genders because a train carriage will 
be populated with both males and females and, therefore, the mean will reflect the average 
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response of the occupants.  When results were compared per chamber condition, Neutral and 
Cool pleasantness scores were similar throughout the experiment indicating that despite the 
differences in conditions, participants were tolerant to the discomfort they might elicit.  
Pleasantness scores for the Warm condition were significantly different from the other two 
conditions, this suggests that participants were less tolerant to the Warm condition and 
conditions tending towards cool rather than warm would be preferable. 
4.4.12 Subjective Results – Draught 
Male vs. female 
Figure 4.73 to Figure 4.75 show the results of draught scores per gender and chamber 
condition.  Figure 4.73 plots the results in the Neutral condition and whilst in the chamber, male 
and female results are similar and not significantly different.  On exiting the chamber, male 
values decrease and female values increase although, once again, they are not significantly 
different. 
 
Figure 4.73 Mean draught scores per gender – Neutral 
Figure 4.74 shows the results in the Cool condition and once again, male and female results are 
similar throughout the experiment.  There is also no significant difference between genders and 
draught scores either inside or outside the chamber. 
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Figure 4.74 Mean draught scores per gender – Cool 
The results for the Warm condition are shown in Figure 4.75 and the scores per gender are 
again similar although this time, on exit, draught scores increase for both genders.  Neither 
values at 30 minutes nor those on exit are significantly different. 
 
Figure 4.75 Mean draught scores per gender – Warm 
Comparison of conditions 
As there were no significant differences between genders and perception of draught, they were 
combined to analyse the differences between the chamber conditions.  Figure 4.76 shows the 
mean values plotted per chamber condition.  Draught scores increase in the Warm condition 
and decrease in the Cool condition with no change for the Neutral condition despite no 
differences in air velocity outside the chamber (in fact the Warm condition has the lowest air 
velocity of the three). 
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Figure 4.76 Total mean draught scores per condition 
There is a significant difference in draught scores at 30 minutes between the Neutral and Cool 
conditions (z = -3.24, p = 0.001, r = 0.47) and between the Cool and Warm conditions (z = -
3.45, p = 0.001, r = 0.50).  Due to the corrected α=0.017, there was no significant difference 
between the Neutral and Warm conditions (z = -2.27, p = 0.023, r = 0.33). 
 
Once outside the chamber, although the values appear different, there is no significant 
difference between the scores. 
Interpretation of results 
There were no significant differences between male and female perceptions of draught despite 
scores opposing directions in the Neutral condition.  The female scores were slightly lower than 
the male scores reflecting the slightly lower air velocities they experienced.  This did not seem 
to affect the trend of scoring however and air velocities in the chamber were still greater than 
those outside. 
 
The combined results showed that participants could detect the subtle changes in air velocity; 
values coincide with the different air velocities in the chamber indicating that, even though the 
differences between air velocities were low (0.05ms-1), participants were still able to accurately 
perceive the difference.  Section 4.4.2 has shown that there were slight differences in air 
velocity outside the chamber and this may therefore impact sensations outside the chamber 
thereby confounding results. 
 
The Warm condition shows attenuation of the sensation of air velocity with scores increasing on 
exit despite a reduction in air velocity.  There appears to be a confounding of sensation of 
draught with participants interpreting some of the temperature change as an increase in air 
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velocity.  This may be due to the rate of heat loss at the skin resulting from hot bodies losing 
heat at a faster rate than warm bodies. 
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4.5 Discussion 
4.5.1 Environmental Conditions 
Results have shown than conditions inside the chamber were similar for both genders and 
resulted in the same environment for each participant.  The slight (but not significant) difference 
in air velocities did not result in any differences in draught scores between genders.  However, 
the difference in air velocities was, on average, 0.06ms-1 and may contribute to lower female 
draught scores.  A difference of 0.05 ms-1 has been shown to be easily perceived by 
participants and therefore if female air velocity had equalled male‘s, their votes may have been 
higher.  Predicted Mean Vote also demonstrated there were no significant differences between 
genders; however, this model only predicts sensation and it cannot, therefore, be inferred that 
other subjective parameters were not affected. 
 
Conditions outside the chamber were designed to be the same on each occasion; however, due 
to the lack of control over that area, there were slight differences.  Females experienced lower 
air temperatures overall due to experiments being conducted in winter/spring compared to 
spring/summer for males.  This resulted in a temperature difference between genders of 
approximately 1°C and thereby a systematic error of 0.3 units in AMV.  There was also an effect 
of chamber condition with the warm chamber conditions increasing air temperature in the area 
outside it.  Once again, PMV was compared to determine the significance of this effect on 
participant‘s sensation.  The comparison determined that the warm conditions were significantly 
warmer than the other two and may, therefore, have caused a slightly warmer sensation on exit.  
If the difference in PMVs is removed (0.15) then the Warm scores are 0.19 points higher than 
Neutral scores, still indicating that there is a lag in sensation for warm environments that isn‘t 
present following neutral environments. 
 
There were also differences in relative humidity outside the chamber which resulted in a 
difference in exposure between males and females.  These differences did not result in any 
significant difference in stickiness or sensation between genders. 
 
There were no differences in partial vapour pressure, per condition, when outside the chamber; 
however, relative humidity following the Warm condition was significantly lower.  This may have 
resulted in a greater rate of moisture evaporation within the clothing, than when following the 
other two conditions and therefore a greater relief in stickiness.  This is evident in the reduction 
of stickiness scores at this point but is difficult to determine, due to a greater sensation of 
stickiness in the Warm condition prior to exit. 
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4.5.2 Mean Skin Temperature 
There were significant differences in the mean skin temperatures between males and females 
with an average difference of 1°C.  This is consistent with results found in other studies (Hardy 
and Du Bois 1940, Wyndham et al. 1965, Cunningham et al. 1978). 
 
Results from the Warm condition also showed that female skin temperature increased to a 
value similar to male‘s at the end of the experiment, an effect also observed by Cunningham et 
al. (1978).  The increase in skin temperature is the result of a lower sweat rate in females 
(confirmed by slightly lower stickiness scores and weight changes).  Despite females 
experiencing a greater change in mean skin temperature during the Warm conditions, sensation 
scores do not reflect this.  In fact, sensations scores decrease slightly during the experiment 
reflecting the slight reduction in metabolic rate after participants entered the chamber and sat 
down. 
 
Despite being in three different physiological states at the end of the experiment, (evident from 
the differences in mean skin temperature), sensations were comparable outside the chamber 
where participants were exposed to the same conditions.  Therefore, in transient environments, 
mean skin temperature is not a suitable indicator of thermal sensation.  The main driver of 
sensation at this point is likely to be caused by the firing rate of cold thermoreceptors which 
react to the sudden temperature change, resulting in participants feeling cooler than predicted 
by PMV.  As the skin temperature cools, the firing rate should reduce and thermal sensation will 
increase until it is equal to the steady-state model.  Warm thermoreceptors are not as close to 
the skin‘s surface and therefore do not respond as quickly or as strongly.  This results in a 
weaker dynamic sensation response where participants immediately experience the steady-
state sensation. 
4.5.3 Hand temperature 
There was a significant reduction in hand temperature on exiting the chamber following the 
Neutral and Warm conditions and this may have resulted in the change in sensation at this 
point.  Mean temperature changes were minimal, however, (0.18 and 0.31 respectively).  The 
temperature change in the Cool condition was 0.17, however, this is not significant despite a 
similar change to the neutral condition. The effect of temperature change may be more 
noticeable in field situations with a greater variety in environmental conditions.  It is therefore 
unlikely that hand temperature is an accurate indicator of sensation change following move from 
one environment to another. 
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4.5.4 Thermal Sensation and Predicted Mean Vote 
The analysis of Predicted Mean Votes (PMV) determined that there were no significant 
differences between genders indicating that the unplanned experimental variation in 
environmental conditions should not result in different sensations.  As has been stated, 
however, when outside the chamber, PMV following the Warm condition was significantly 
warmer than the other two conditions.  The actual differences in PMV were minimal (0.2) units 
and are therefore unlikely to affect Actual Mean Votes (AMVs) significantly due to participant‘s 
tending to use whole or half units as descriptors. 
 
No significant differences in AMV were found when genders were compared, despite the minor 
differences in conditions, this, therefore confirmed the results calculated by PMV.  This finding 
supports other studies which have also concluded there are no significant differences in AMVs 
between genders (Cunningham et al. 1978, Fanger 1970, Shapiro et al. 1980).  This study 
does, however, contradict previous work (Fanger 1970, Webb and Parsons 1997, Breslin 1995) 
that suggests females feel significantly cooler than males in cool conditions.  Throughout this 
experiment in the Cool condition, females were warmer than males and both genders felt 
warmer than PMV predicted (concurring with the results of Webb and Parsons 1997).  This may 
result from the females trying to please the experimenter by not scoring to extremes of the scale 
as much as the males.  This effect was observed by Auliciems and Parlow (1975 in Auliciems 
1981) where individuals seeking approval respond with votes closer to neutral.  Comfort and 
preference scores do not reflect any significant difference between genders so it is therefore 
likely that females did not feel as cool as males.  This may be caused by their lower skin 
temperature resulting in less heat lost to the environment.  The conditions inside the chamber 
may not have been cold enough to elicit the difference between genders observed in other 
studies and subsequent experiments should test this theory. 
 
Once results were combined for both genders, each condition was examined and participants 
were observed to be clearly in different thermal states within the chamber.  On moving outside, 
there was an instantaneous change in sensation with participants feeling cooler following the 
Neutral and Warm conditions and warmer following the Cool.  When these values are compared 
with PMV, AMV for the Cool condition changes to the new, steady-state, value.  Therefore, 
when moving from a cooler to a warmer environment, sensation immediately adjusts to the new 
environment despite skin temperatures still reflecting prior conditions.  This effect was also 
observed by de Dear et al. (1993), where there is an instantaneous change of sensation to the 
steady-state PMV when moving from cooler to warmer environments.  They also observed that 
there is an overshoot when moving from warmer to cooler environments which has also been 
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noted in this experiment.  This effect is thought to result from cold thermoreceptors being closer 
to the surface of the skin and their greater sensitivity to temperature change.  Hensel (1982), 
however, demonstrates that there is a transient overshoot in both directions of environmental 
change, an effect not observed here. 
4.5.5 Thermal Comfort 
Males and females experienced similar comfort levels in the three conditions except that males 
found the Warm condition slightly more uncomfortable than females (although this was not 
significant).  Interestingly, after exiting the Warm chamber, females were significantly more 
uncomfortable than males.  It is difficult to determine the source of discomfort for the females, it 
may be a lag of discomfort caused by the warm chamber conditions.  Conversely, it may result 
from the cooler sensation (and therefore cold discomfort rather than discomfort from the heat) 
experienced outside the chamber, even though this is similar to the Neutral condition where no 
discomfort was experienced.  It may also result from the greater level of draught perceived by 
females. 
 
Results on the comfort scale did not match those of sensation or preference and therefore may 
be independent from these two parameters.  The design of the scale used in this case may 
have confounded any possible correlations between these three dimensions as it is not bi-polar 
and consists of only 4 points unlike the other two scales which consist of 7 points. 
 
Of the three conditions, only the Warm condition elicited sensations of discomfort and, in 
general, this discomfort was only slight.  This, therefore, shows the wide range of environmental 
conditions, within which, people do not experience significant levels of discomfort.  It must, 
however, be noted that in a field situation, such as on a train, where a passenger is paying to 
use a service, discomfort may be experienced sooner and with a stronger response due to the 
psychological implications of the situation.  They are paying for a service and have a certain 
level of expectation regarding the train carriage environment.  This effect may be difficult to 
reproduce experimentally because it would require participants to buy their own tickets, thereby 
limiting the experimental population. 
4.5.6 Thermal Preference 
Results have shown that females prefer to feel slightly warmer than males in cooler conditions 
and males exhibit a greater preference to feel cooler in warm conditions.  These differences are 
not significant, however, but it is important to note which conditions will cause the greatest 
discomfort and preference for change.  The data has shown that this occurs in the Warm 
condition and, when designing environmental parameters, it may be preferable to tend the 
environment to elicit cooler sensations rather than warm. 
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The significant differences in preference between the conditions at 30 minutes reflect the 
differences in sensation and mean skin temperature at this point.  Once again, this 
demonstrates the three separate thermal states participants were exposed to.  When outside 
the chamber, there were no significant differences in preference between conditions.  
Preference scores immediately change to values that reflect the slightly cool conditions outside 
the chamber, indicating there is no interaction between the environments in this parameter. 
4.5.7 Stickiness 
Despite males sweating more than females in both the Cool and Warm conditions, there were 
no significant differences in stickiness between genders, although male scores in the Warm 
condition were higher.  Interestingly, males showed similar sweat loss in the Cool and Warm 
conditions even though stickiness scores were not rated the same. 
 
Once outside the chamber, stickiness scores were similar for the Cool and Neutral conditions, 
however the Warm conditions had a higher score (although not significant), resulting from the 
higher scores and sweating when in the chamber.  This indicates that there is an interaction 
with the two environments causing a reduction in moisture on the skin but not a removing it 
completely. 
4.5.8 Pleasantness 
The pleasantness results showed that, in general, male and female votes were similar except 
after exiting the chamber from the Warm condition.  Males experienced far greater pleasure on 
exit than following the other two conditions indicating that it is the transient effect of heat 
removal that results in the greater sensation of pleasure.  This increase in pleasure may result 
from the reduction in stickiness observed at this point, in addition to the reduction in 
temperature. 
 
Once results were combined, both the Neutral and Cool conditions showed no significant 
change in pleasantness on exit, however, the Warm condition demonstrated a marked increase.  
There were no significant differences between the three conditions once outside the chamber 
indicating that prior chamber condition may not interact at this point.  It is unknown, however, 
whether pleasantness scores would differ after this point due to differences in skin temperatures 
and moisture evaporation.  More knowledge of this is required to fully appreciate the short-term 
effects of moving between environments. 
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4.5.9 Draught 
Males and females were shown to experience similar levels of draught during the experiments.  
However, on exiting the Neutral condition, females perceived an increase in draught, whereas 
males experiences a decrease.  This may result from an interaction between the slight reduction 
in temperature being perceived as an increase in draught. 
 
The comparison of the three conditions demonstrated that participants were able to perceive the 
subtle changes in air velocity on each occasion despite differences between the three being 
only 0.05ms-1.  Interestingly, on exiting the chamber, Neutral draught sensations stay the same, 
Cool sensations decrease and Warm sensations increase.  In reality, there is a reduction in air 
velocity in three cases with the lowest air velocity occurring in the Warm condition.  This once 
again shows that there may be an interaction between temperature change and draught 
perception when moving between two environments.  There also may be an effect of physically 
moving as this will cause air to pass over the skin and, in the case of the Warm condition, 
increase evaporation of sweat.  The increase evaporation rate may, in turn, increase the 
perception of draught. 
4.6 Conclusions 
1. There is an immediate change in thermal comfort following a move to a new 
environment; 
2. Sensation overshoots the value calculated by PMV in transitions from warmer to cooler 
environments i.e. people fell cooler than predicted 
a. More data is required to create an adaptation to the PMV that can predict this 
sensation change in addition to its duration and rate of change 
3. There is no overshoot in sensation when the environmental change is from cooler to 
warmer and participants immediately select sensations calculated by the PMV index; 
4. Differences between males and females are unlikely to have any practical effect and 
both genders can be considered to react similarly in the environments studied in this 
experiment; 
5. Data shows that sensation change is independent from the magnitude of environmental 
change; any move from warmer to cooler environments results in the same sensation in 
the new location; 
6. Measurement of mean skin temperatures determined that there is no relationship 
between absolute nor rate of mean skin temperature change during a transient; 
7. Similar to mean skin temperature, hand temperature did not demonstrate a relationship 
with sensation during the transient; 
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8. Thermal preferences mirror sensations with warmer sensations resulting in cooler 
preferences and vice versa; 
9. Moving outside the chamber resulted in a decrease in stickiness following the Warm 
conditions, possibly resulting from the decrease in partial vapour pressure; 
10. Participants could perceive the minor differences in air velocity between conditions. 
 
Results have shown that the effects of moving between environments are complex.  Some 
subjective factors display an interaction between the two environments and others appear to 
immediately adapt to the new conditions.  In order to provide rail companies with precise 
information regarding their passenger experience, a reliable predictive model is required to 
determine thermal comfort when boarding. 
 
The PMV thermal comfort index has been shown to be inaccurate in determining thermal 
sensation following a change of environmental conditions from warmer to cooler environments.  
A new model is required to predict sensations under these circumstances which considers the 
overshoot in sensation initially experienced when moving from a warmer environment to a 
cooler one.  It will also be necessary to determine the rate of sensation change until the steady-
state is obtained; this point is addressed in chapter 4 which exposes participants to a number of 
environments until steady-state is achieved. 
 
An initial adaption to the PMV will be calculated using the data from this study (chapter 6).  This 
model will be tested in the field (chapters 7 and 8) to determine its validity. 
172 
 
 
 
 
 
 
 
 
 
 
 
 
 
5 A laboratory experiment examining thermal comfort when 
moving between several environments 
5.1 Summary 
A laboratory experiment was designed to determine thermal comfort following a number of 
different environmental changes.  The aim was to extend data collected during the experiment 
described in Chapter 4 examining thermal sensation following a change of environment.  The 
experimental design included measurement of sensation for 30 minutes after the move to 
determine the rate at which sensation adapts, in addition to the initial magnitude of change.  
Participants were subjected to three environmental conditions, two in environmental chambers 
and the third in an area outside the chambers that they were exposed to twice.  Each exposure 
lasted for a period of 30 minutes and subjective thermal parameters were measured throughout 
the 2 hour experiment with the use of subjective scales.  The experiment concluded that 
overshoots of final, steady-state, values are observed in most subjective parameters when 
moving between environments.  These effects occur most frequently when moving from a 
warmer to a cooler environment and show either a linear or exponential variation with respect to 
time, depending on the parameter.  Most subjective dimensions can be considered steady-state 
after 20 minutes, i.e. the person has adapted to the new environment completely and is no 
longer experiencing the effects from the previous condition.  The data described in this chapter 
will be used to create the adapted Predicted Mean Vote (PMV) model, designed for use in 
transient environments. 
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5.2 Introduction 
The experiment described in chapter 0, comparing data collection methods, although not 
intended to examine thermal comfort, determined that the Predicted Mean Vote index is not a 
suitable indicator of sensations in transient situations.  It would, therefore, not be suitable for 
use on trains where there are either sudden changes of environmental conditions (such as 
when boarding) or more subtle changes through air conditioning systems and solar radiation.  
This first experiment identified the need to measure sensations following a sudden change in 
environmental conditions and led to the second laboratory experiment, detailed in chapter 4. 
 
The second laboratory experiment measured thermal sensation following a change of 
environment.  Participants were exposed to three thermal conditions for a period of 30 minutes 
so that steady-state thermal comfort could be achieved.  The experiment determined that there 
is an initial overshoot in sensation when moving from a warmer environment to a cooler one.  
However, it is not known whether the magnitude of this change depends upon the temperature 
difference between the two environments or if the change is the same on each occasion i.e. 
HotCool = Cold and NeutralCool = Cold.  The rate at which sensation reaches steady-state 
could also not be determined from these data.  In order to create a model to predict sensation 
throughout an entire train journey, it is necessary to evaluate these factors 
 
With the installation of the two new thermal chambers in the Environmental Ergonomics 
laboratory at Loughborough University, it was possible to expose participants to a variety of 
conditions consecutively.  An experiment was devised to expose participants to different 
magnitudes of environmental changes and remain in these conditions until steady-state was 
achieved.  The data obtained from this experiment can then be combined with data from the 
previous experiment to determine an adaptation to the Predicted Mean Vote which can then be 
applied to transient environments. 
5.2.1 Experiment aims and objectives 
The aim of the experiment was to quantify thermal comfort following different magnitudes of 
environmental change until steady-state is reached. 
 
Experimental objectives: 
1. To determine how sensation changes following different magnitudes of environmental 
change with a view to providing a wider dataset from which to create a predictive model; 
2. To determine the rate of sensation change to reach steady-state to provide data for the 
creation of a model that predicts sensation change before steady-state is achieved; 
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3. To determine if there are any gender differences in the rate at which steady-state 
sensation is achieved. 
The aim of the experiment was to expose participants to a number of environmental changes 
resulting in both increases and decreases in thermal sensation.  Exposures were designed so 
that a transient in thermal comfort was experienced followed by a period where subjective 
values gradually reached steady-state.  The purpose of this was to determine how thermal 
comfort changes immediately following the transition and the rate of change to reach steady-
state values.  Data between genders was also compared to determine if males and females 
react differently to the environmental changes. 
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5.3 Experimental Method 
5.3.1 Design 
An independent measures design was employed, where participants were exposed to four 
consecutive environmental conditions.  The purpose was to expose participants to conditions 
that would result in differing subjective responses with the aim of measuring how sensation 
shifts during the change between environmental conditions. 
 
Participants were split into six groups ranging from 5-11 people per group.  Testing was 
conducted on two afternoons in March 2010 with three groups per afternoon.  A diagram of the 
experimental layout is shown in Figure 5.1; the numbers refer to the location. 
 
The rotation order of locations participants experienced are shown below with Figure 5.2 to 
Figure 5.4 illustrating the three experimental locations and their configuration. 
 
Rotation order: 
 Week 1 – 1  2  3  1 (Cool  Warm  Neutral  Cool) 
 Week 2 – 1  3  2  1 (Cool  Cold  Warm  Cool) 
        
Figure 5.1 Experimental layout 
CHAMBER A CHAMBER B 
LABORATORY 1 
3 2 
Seats 
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Figure 5.2 Location 1: Laboratory area outside 
thermal chambers 
 
Figure 5.3 Location 2: Thermal chamber A 
 
Figure 5.4 Location 3: Thermal chamber B 
5.3.2 Subjects 
48 participants (22 males, 26 females – physical data shown in Table 5.1) were recruited from 
the second year undergraduate module ‗Thermal Environments‘. 
Table 5.1 Mean physical data of participants (SD in brackets) 
Subjects Age (years) Weight (kg) Height (m) 
Male (22) 21.05 80.50 1.83 
 (1.42) (10.34) (0.07) 
Female (26) 20.61 60.55 1.64 
 (1.52) (7.29) (0.06) 
ALL (48) 20.80 69.78 1.77 
 (1.46) (13.17) (0.11) 
Participants were assigned to groups in alphabetical order by surname, with an aim of a 50/50, 
male/female split for each group.  Participants who could not attend during the first afternoon of 
testing were re-assigned to a different group for the second week. 
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Participants were allowed to wear their own clothing during the experiment and were required to 
list the items worn.  In addition, a photograph of the ensemble was taken for future reference 
and to negate any ambiguities over clothing descriptions.  Estimated ensemble insulation is 
shown in Table 5.2. 
Table 5.2 Estimated clothing insulation (SD in brackets) 
 Clothing insulation (m2°C/W) 
Subjects Week 1 Week 2 Both weeks 
Male (22) 0.08 0.11 0.10 
 (0.01) (0.03) (0.03) 
Female (26) 0.11 0.10 0.10 
 (0.03) (0.03) (0.03) 
ALL (48) 0.10 0.10 0.10 
 (0.03) (0.03) (0.03) 
5.3.3 Apparatus 
The apparatus used during the experiment is described below: 
1. Air temperature – Thermistors, 2, one in each thermal chamber (measuring ta); 
2. Tiesto equipment – 1, outside the chamber (measuring ta, v and RH); 
3. Globe temperature – 150mm globe thermometer, 3, one in each experimental location 
(measuring tg); 
4. Relative humidity – Vaisala HUMICAP 180 meter, 2, one in each chamber; 
5. Air velocity – Biral hot wire anemometer, 2, one in each test area (inside and outside the 
chamber); 
6. Eltek/Grant squirrel data loggers – 2, one in each thermal chamber; 
7. Subjective thermal comfort scales – produced on A4 (see Appendix B), one between two 
participants; 
8. Data record booklet – 33, one per participant (see Appendix E) 
9. Chairs – thermal insulation of approximately 0.2 Clo/0.03m2°C/W. 
5.3.4 Environmental Conditions 
Environmental conditions inside both thermal chambers were controlled; however, the area 
outside the chambers but within the laboratory was not regulated and fluctuated naturally.  
Environmental conditions set prior to the experiment are illustrated in Table 5.3 which were 
designed to expose participants to wider magnitudes of sensation change than those 
experienced in the previous laboratory experiment (chapter 4). 
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Table 5.3 Environmental chamber conditions 
 Week 1 Week 2 
Area ta (°C) RH (%) ta (°C) RH (%) 
Chamber A 30 50 30 50 
Chamber B 20 50 5 50 
Conditions in chamber B were modified for week 2 because the temperature in the laboratory 
was similar to that inside chamber B during week 1.  It was determined that the magnitude of 
sensation shift was not enough to produce a noticeable change in subjective scores. 
5.3.5 Objective Measurements 
No physiological data were recorded during this experiment.  As detailed in section 5.3.4, the 
environmental conditions, were recorded throughout the experiment.  Measurements were 
logged with an Eltek/Grant squirrel data logger measuring at 10 second intervals and the Tiesto 
data logger also recording information at 10 second intervals. 
5.3.6 Subjective Measurements 
Participants were required to record their thermal comfort at 5 minute intervals, with the use of 
the 6 subjective scales outlined in section 2.4.6.  Participants were given a data record booklet 
before the experiment began (see Appendix E) with one group member assigned to prompt the 
rest of the group when to complete each section.  An example of the data record tables is 
shown in Figure 5.5 
 
Figure 5.5 Data record sheet table 
5.3.7 Procedure 
One week before the first experimental afternoon, potential participants were briefed on the 
experiment‘s aims and method.  Information sheets and consent forms were distributed at this 
time to all those wishing to participate.  Each participant was then assigned to one of 6 groups, 
3 groups per afternoon.  Each group was allocated a time-slot when they were required to 
attend (see Table 5.4) 
Table 5.4 Group attendance times 
Time Week 1 Week 2 
1400 – 1600 1 4 
1430 – 1630 2 5 
1500 – 1700 3 6 
0 mins  Actual time: _____________  Stopwatch: ______________ 
 Sensation Preference Pleasantness Comfort Stickiness Draught 
Overall       
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On arrival at the laboratory, each participant was issued with a health questionnaire, to 
ascertain their eligibility, in addition to their data record booklets.  Participants were then briefed 
once more on the procedure and any questions were answered.  Finally, participants were 
informed that they could withdraw from the study at any point. 
 
Chairs in each of the experimental locations were numbered 1-12 and each participant was 
assigned a seat number to allow the swift movement of participants between locations. 
 
Participants began the experiment by sitting for 30 minutes in the laboratory (location 1 in 
Figure 5.1).  A stopwatch was started at this time so participants could monitor the 5 minute 
intervals when the data record booklet required completing. 
 
After 30 minutes in location 1, participants in week 1 moved to thermal chamber A (location 2 in 
Figure 5.1) and participants in week 2 moved to thermal chamber B (location 3 in Figure 5.1).  
The same procedure was followed at this location with data recorded every 5 minutes for 30 
minutes.  The group then moved to the other thermal chamber through a connecting door 
(location 3 for week 1 groups and location 2 for week 2 groups).  Once 30 minutes had elapsed 
in this location, the group moved outside once more and spent their final 30 minutes in location 
1, where they started the experiment. 
 
Weight was recorded in thermal chamber B and height was measured at the end of the 
experiment to establish general physical information of the people taking part. 
Experimental timeline 
Figure 5.6 shows the order and timeline of the procedure described above. 
 
Figure 5.6 Timeline of experimental design 
Participants experience the change (transient) of environmental conditions at 30, 60 and 90 
minutes after moving from the one environment to another.  Sensation can be considered to be 
in a transient state until steady-state sensations are achieved i.e. when it can be calculated by a 
predictive model of sensation.  
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5.4 Results 
5.4.1 Environmental Conditions 
Week 1 
The mean environmental conditions at each location during the experiment in week 1 are shown 
in Table 5.5 (see Appendix F for grouped values) with the associated PMV (using 65Wm-2 and 
0.65clo/0.10m2°C/W mean clothing insulation). 
Table 5.5 Mean environmental conditions – 09/03/10 
 ta (°C) tr (°C) v (ms
-1) RH (%) Pa (Pa) PMV 
Lab 1 18.64 
(0.24) 
17.37 
(0.22) 
0.05 
(0.04) 
37.01 
(0.95) 
794.68 
(14.79) 
-1.9 
Ch A 29.00 
(0.09) 
29.51 
(0.13) 
0.12 
(0.03) 
48.50 
(1.18) 
1942.00 
(51.29) 
1.4 
Ch B 19.90 
(0.21) 
21.22 
(0.18) 
0.11 
(0.02) 
43.90 
(0.54) 
1020.00 
(20.28) 
-1.2 
Lab 2 18.92 
(0.29) 
17.70 
(0.30) 
0.05 
(0.03) 
37.94 
(0.81) 
829.14 
(13.13) 
-1.8 
The table shows that between starting the experiment in the laboratory and the end, the 
environment warms slightly and the Predicted Mean Vote (PMV) is 0.1 units higher.  The 
environment in chamber B is also warmer than that outside in the laboratory, as planned, 
however, the difference between the environments is small, only 0.6 units on the PMV scale.  
Differences between the environments are shown in Table 5.6. 
Table 5.6 Difference between mean environmental conditions during transient – 09/03/10 
 ta (°C) tr (°C) v (ms
-1) RH (%) Pa (Pa) PMV 
Lab 1 – Ch A +10.36 +12.14 +0.07 +18.49 +1147.32 +3.3 
Ch A – Ch B -9.10 -8.29 -0.01 -4.60 -922.00 +2.6 
Ch B – Lab 2 -0.98 -3.52 -0.06 -5.96 -190.86 -0.6 
Week 2 
The mean environmental conditions during week 2 are shown in Table 5.7, once again with the 
associated PMV (using 65Wm-2 and 0.65clo/0.10m2°C/W, mean clothing insulation). 
Table 5.7 Mean environmental conditions – 16/03/10 
 ta (°C) tr (°C) v (ms
-1) RH (%) Pa (Pa) PMV 
Lab 1 20.69 
(0.43) 
19.95 
(0.34) 
0.04 
(0.04) 
39.73 
(0.64) 
969.48 
(34.51) 
-1.2 
Ch B 9.57 
(0.11) 
10.84 
(0.25) 
0.23 
(0.09) 
47.10 
(2.08) 
560.80 
(24.04) 
-4.8 
Ch A 29.20 
(0.18) 
29.67 
(0.17) 
0.04 
(0.02) 
45.20 
(1.90) 
1836.00 
(86.33) 
1.5 
Lab 2 20.40 
(0.26) 
19.77 
(0.22) 
0.05 
(0.05) 
40.20 
(0.70) 
965.00 
(18.23) 
-1.3 
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The table shows the opposite effect to that observed during week 1 with conditions in the 
laboratory cooling slightly over the experimental period and a decrease in PMV of 0.1 units.  On 
this occasion, the thermal chamber B was cooled and the PMV shows that there is greater 
variation in environmental conditions between locations during the experiment.  Differences 
between the environments are shown in Table 5.8. 
Table 5.8 Difference between mean environmental conditions during transient – 16/03/10 
 ta (°C) tr (°C) v (ms
-1) RH (%) Pa (Pa) PMV 
Lab 1 – Ch B -11.12 -9.11 +0.19 +7.37 -408.68 -3.6 
Ch B – Ch A +19.63 +18.83 -0.19 -1.90 +1275.20 +6.3 
Ch A – Lab 2 -8.80 -9.90 +0.01 -5.00 -871.00 -2.8 
Comparison of weeks – Laboratory conditions 
The conditions were statistically compared to determine whether there were significant 
differences in the environmental conditions between weeks.  As the conditions in thermal 
chamber B were deliberately changed, they were not compared however all other locations 
were. 
 
There was a significant difference in environmental conditions in the laboratory with participants 
in week 2 experiencing slightly warmer conditions of approximately 2°C, F(1,4) = 285.07, 
p<0.001, partial eta squared = 0.99.  As there was no deliberate introduction of solar radiation, 
mean radiant temperatures were similar to air temperatures and also demonstrated a significant 
difference between the two weeks, F(1,4) = 415.70, p<0.001, partial eta squared = 0.99. 
 
There were higher air velocities in the second laboratory condition in week 2 than at the 
beginning, (F(1,4) = 12.50, p=0.02, partial eta squared = 0.76).  Values are however less than 
the 0.15ms-1 and can therefore be considered as still air. 
 
There were significantly higher partial vapour pressures in week 2, F(1,4) = 318.83, p<0.001, 
partial eta squared = 0.99 and this is also reflected in the difference between relative humidities, 
F(1,4) = 90.40, p=0.001, partial eta squared = 0.96. 
 
There were, however, no significant differences between the laboratory environments at the 
start and at the end of the experiment in each week (other than air velocity).  Despite the slight 
differences in PMV and it can be concluded that the first laboratory environment was the same 
as the final environment. 
Comparison between weeks – Warm chamber A 
The environmental conditions in thermal chamber A were fixed so they were same on the two 
experimental occasions.  An independent samples t-test determined that there were no 
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significant differences between air or mean radiant temperatures.  There were significant 
differences between air velocities (p<0.001, eta squared = 0.99), partial vapour pressures 
(p=0.002, eta squared = 0.93) and relative humidity (p<0.001, eta squared = 0.99). 
Interpretation of results 
There were slight differences in environmental conditions in the laboratory between week 1 and 
week 2.  There was a temperature difference of approximately 2°C which may result in a 
difference in sensation at this point of approximately 0.67 units on the scale.  There were also 
significant differences in air velocities at the start of the experiment than at the end, the 
difference between the two mean air velocities was, however, only 0.008ms-1 and is therefore 
unlikely to have any practical significance.  Finally, there were differences between the partial 
vapour pressures and relative humidity, which, despite their effect sizes, were relatively small 
(155.34Pa and 2.51% respectively).  These slight differences in environmental conditions are 
therefore likely to result in slightly different thermal sensations during the time in the laboratory 
and are also reflected in the differences in Predicted Mean Vote. 
 
In the warm chamber, significantly different air velocities and partial vapour pressures (both 
higher in week 1) resulted in a difference in Predicted Mean Vote of 0.1.  Although the 
difference between the two variables is small, 0.08ms-1 and 106 Pa, it may result in higher 
draught scores for week 1 and a possible difference in moisture build-up on the skin and within 
clothing. 
 
As environmental conditions in thermal chamber B were different between the two experimental 
weeks, results could not be compared because they were designed to elicit different sensations. 
5.4.2 Subjective Results – Thermal Sensation 
Mean sensation votes throughout the experiment are shown in Figure 5.7 and Figure 5.8 for the 
different experimental occasions.  Mean male votes are shown in red (M) with mean female 
results in green (F) and the overall mean in blue (A). 
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Figure 5.7 Mean sensation votes per gender and overall – 09/03/10 
Figure 5.7 shows that in each location most votes plateau after 20 minutes.  Initially, in the 
laboratory, votes are between neutral and slightly cool; on entering the warm thermal chamber, 
votes immediately increase to a hot sensation.  During the 30 minutes in the warm chamber A, 
male votes increase slightly and female votes decrease.  On entering the neutral environment 
females feel cooler than males by approximately 1 unit on the sensation scale.  Both genders 
demonstrate an overshoot and then an increase in sensation during the time in the neutral 
chamber reaching values of ‗slightly cool‘ to ‗neutral‘ and then decrease on exit into the 
laboratory.  Again, votes increase over time until a sensation similar to the neutral chamber is 
achieved. 
 
Female votes are consistently cooler than males despite the slightly higher clothing insulation.  
The only occasion where females feel warmer than males occurs immediately on entering the 
warm chamber from the cool laboratory.  The greatest disparity between genders occurs at the 
beginning of each cooler condition with votes converging towards the end of the 30 minutes. 
 
The sensation results for week 2 are shown in Figure 5.8 and it can be seen that participants 
found the laboratory environment slightly warmer than the previous week.  Male votes are 
higher than females in the laboratory and gradually decrease over time; female votes remain 
constant throughout the first laboratory condition. 
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Figure 5.8 Mean sensation votes per gender and overall – 16/03/10 
On entering the cold environment, sensation immediately decreases and stays the same 
throughout the 30 minutes.  Both genders have similar sensation votes during the cold 
condition.  There is an immediate increase in sensation after entering the warm chamber with 
male scores increasing to a higher point than females and exhibiting a slight overshoot not 
present in the female data.  Female votes are relatively constant during the first 20 minutes and 
increase slightly at 25 minutes.  At this point, male and female scores are again similar.  
Sensation votes immediately decrease on entry into the laboratory once more and there is a 
clearly visible overshoot in sensation that demonstrates an exponential increase during the first 
20 minutes.  After 20 minutes both genders have similar scores that remain constant for the rest 
of the experiment. 
Interpretation of results 
The convergence of male and female votes at the end of each 30 minute exposure indicates 
that there may be differences in the speed of response to the change of environment, however, 
after 20 minutes, these differences are less apparent.  In the various cool and neutral conditions 
in week 1, females exhibit a greater sensitivity to the cold, recording lower sensations than their 
male counterparts.  This effect was not observed in the previous study, nor was it observed in 
week 2 in the cold and second laboratory conditions, although it has been noted by other 
research (Nevins et al. 1975, Webb and Parsons 1997, Parsons 2002, Breslin 1995).  
Differences may result from variations in clothing fit in this experiment as estimated insulation 
values were similar.  This is an important factor to consider in the field where females are 
unlikely to be wearing similar clothing to males even though estimated insulation values may be 
similar. 
 
Both genders had similar sensations in the cold chamber, thereby contradicting data in the 
previous week where females felt cooler than males.  It also demonstrates that, for similar 
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conditions, females may not feel cooler than males as observed by other studies (Webb and 
Parsons 1997, Fanger 1970). 
 
The slightly warmer sensations experienced in the laboratory during week 2 reflect the warmer 
conditions on this day.  The difference between votes on the two days is 1.21 at 30 minutes 
during the first laboratory condition and 0.70 at 30 minutes during the second.  Interestingly, this 
difference is not observed at 0 minutes in the second laboratory condition even though the two 
groups have entered from different thermal conditions (week 1 = neutral, week 2 = cool) but 
both are warmer than the environment that follows.  This, therefore, indicates that the sensation 
experienced in the new location may be independent of the preceding environment and it is a 
change to a cooler environment that produces the same sensation. 
 
Results have shown that, once again, when moving from a warmer to a cooler environment, 
sensation overshoots the final steady-state value and increases over a 20 minute period. 
5.4.3 Subjective Results – Predicted Mean Vote 
The Predicted Mean Vote (PMV) was calculated for each participant and averaged by gender 
and overall.  The values for the calculation according to date are shown in Figure 5.9 and Figure 
5.10.  The calculation uses 65Wm-2 as the metabolic rate because this is the steady state value 
i.e. seated.  PMV in the cold conditions was calculated using the ASHRAE computer model 
which extends the scale beyond +3 (Fountain and Huizenga 1997). 
 
Figure 5.9 Mean Predicted Mean Vote per gender and overall – 09/03/10 
Figure 5.9 shows results for week 1 and it can be seen that male PMV is slightly lower in cooler 
conditions than female PMV due to the slight difference in clothing insulation.  Male and female 
estimated clothing insulation values were more similar in the second week (see Figure 5.10) 
and therefore PMV values were almost identical. 
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Figure 5.10 Mean Predicted Mean Vote per gender and overall – 16/03/10 
Interpretation of results 
The PMV in week 1 predicted that males would feel slightly cooler than females in the three 
cooler conditions.  However, results in the previous section have demonstrated that this was not 
the case. 
 
The PMV calculated for week 2 reflects the similar clothing insulation worn by each gender.  
There are slight differences at some points on the graph because PMV was calculated 
individually and averaged per gender. Neither gender should feel cooler, or warmer than the 
other and this is reflected in actual votes in all conditions except the first laboratory condition. 
 
The following section compares Actual Mean Votes (AMVs) and Predicted Mean Votes (PMVs) 
to determine any possible error in PMV during the transient-state and the magnitude of this 
potential error. 
5.4.4 Subjective Results – Comparison of AMV and PMV 
Male and female results and Predicted Mean Votes (PMVs) were combined and are shown in 
Figure 5.11 to Figure 5.13. 
 
As male and female sensations in week 1 were slightly different, a graph was created to 
compare Actual Mean Votes (AMVs) and PMVs per gender (Figure 5.11).  The graph shows 
that PMV predicts values that are closer to female sensation in the two laboratory conditions 
and male sensation in the neutral chamber.  PMV in the warm chamber is consistently lower 
than AMVs in this condition. 
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Figure 5.11 Comparison of mean sensation scores and PMV per gender – 09/03/10 
AMVs and PMVs for both genders were combined and the results are presented in Figure 5.12 
which more clearly shows the differences between AMVs and PMVs. 
 
Figure 5.12 Comparison of mean sensation scores and PMV – 09/03/10 
In week 1 PMV under-predicted actual sensation (AMV) throughout the first two conditions and 
at the end of the fourth condition.  This effect was also observed for week 2 (Figure 5.13) where 
PMV under-predicted actual sensation at almost every data point.  Interestingly, PMV over-
predicted sensation during most of the neutral condition in week 1. 
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Figure 5.13 Comparison of mean sensation scores and PMV – 16/03/10 
Interpretation of results 
The comparison has shown that the PMV in week 1 is most accurate when conditions are close 
to neutral.  This is to be expected as the model is designed for use in comfortable conditions 
which are closest to neutral.  However, in week 2, PMV was less accurate, including the 
conditions closer to neutral in the laboratory with differences between AMV and PMV at 
approximately 1 unit on the sensation scale. 
 
The PMV under-predicts sensation throughout both experiments (except in the neutral chamber 
which is over-predicted) indicating that either the model is inaccurate or that participants were 
not in steady-state conditions.  As actual votes plateau after 20 minutes, it can be concluded 
that steady-state conditions has been achieved and that it is the PMV that is inaccurate.  A 
possibility for the inaccuracy in the model may be that metabolic rate used in the calculation is 
too low.  Clothing insulation, also, may have been inaccurately estimated due to differences in 
clothing composition. 
 
This is a difficult issue to resolve as PMV has been shown to be inaccurate when compared to 
actual votes.  In the field, when using the model, actual votes will not be determined and PMV 
will be relied upon to produce an accurate reflection of sensation within the train carriage.  PMV 
has been shown to be less accurate in naturally ventilated areas (Brager and De Dear 2001) 
similar to those in the laboratory.  The differences between AMVs and PMVs in this location 
may result from this error in the PMV. 
5.4.5 Subjective Results – Thermal Comfort 
Results for thermal comfort during week 1 are illustrated in Figure 5.14 which shows how 
comfort fluctuated during each of the environmental conditions.  Participants began the 
experiment with mean comfort scores of approximately 1.3, however, males experienced 
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minimal discomfort (1.1).  Female scores at this point were approximately 1.6 and increased 
during the 30 minutes in this location in comparison to male votes which remained constant. 
 
On entering the warm chamber, male and female votes were the same, however, after this 
point; there was a steady decrease and a plateau at 20 minutes for females.  Male votes 
decreased at 5 minutes and then increased after this, peaking at 25 minutes.  Male comfort 
votes rapidly decreased on entering the neutral chamber and plateaued after 5 minutes, further 
decreasing at 25 minutes.  Female votes increased on entering; however there was a rapid 
decrease in discomfort after 10 minutes, although it was still greater than males at 30 minutes.  
After entering the laboratory once more, votes increase, peaking at 5 minutes and decreasing 
thereafter. 
 
Figure 5.14 Mean comfort scores per gender and overall – 09/03/10 
Females show a general level of slight discomfort throughout the experiment whereas males 
show a sharp increase on entering the warm chamber which decreases immediately on exit.  
The greatest female discomfort occurred during the second laboratory condition which 
correlated with the coolest conditions during this week. 
 
The comfort scores during week 2 are plotted in Figure 5.15 and it can be seen that male and 
female votes were more comparable during this week than in the previous week.  In the 
laboratory, females experienced less discomfort than males with mean votes of approximately 
1.4.  After entering the cold chamber, both genders displayed a rapid increase in discomfort, 
demonstrating an overshoot, with votes peaking at 5 minutes, after this, there was a steady 
decline in discomfort over the next 30 minutes with votes converging at the end of the time 
period.  Entering the warm chamber caused a reduction in discomfort so that comfort scores for 
both genders were the same, after this, male votes experienced an overshoot by increasing and 
then steadily declined.  Female votes continued to decrease, plateau and then increase slightly 
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reaching a new plateau.  Finally, on entering the laboratory, votes decrease; in the case of 
females, this is a steady decrease that reaches its minimum at 15 minutes.  For males, there is 
an initial overshoot in sensation with final values achieved after 5 minutes (although there is a 
slight peak at 20 minutes). 
 
Figure 5.15 Mean comfort scores per gender and overall – 16/03/10 
Interpretation of results 
The results during week 1 have shown that females experience greater discomfort in the cooler 
conditions.  Males experienced greater discomfort in the warm conditions which may result from 
greater skin wettedness (i.e. moisture on the skin).  Overshoots were observed more often in 
female data with one occurrence observed in each of the transfers between environments.  The 
overshoot observed for males from the warm to neutral chamber is likely to result from the 
evaporation of sweat and the sense of cooling this causes. 
 
Female overshoots were not as prevalent during week 2 and were only observed following the 
transfer from the laboratory to the cold chamber.  Males, however, experience overshoots in 
both the cold and warm chambers and this may indicate that male comfort values are related to 
sensation, whereas female values are more independent.  Undershoots in comfort were 
experienced by females in the warm chamber and by males in the laboratory.  Most 
undershoots and overshoots demonstrate a lag, in that they do not occur immediately on 
entering the new environment but after a period of approximately 5 minutes.  Therefore, 
changes in other subjective parameters such as preference and stickiness may also show a lag.  
It may be that, although sensation has changed, the other parameters take time to catch-up. 
 
During the second week, females experienced less discomfort in the two laboratory conditions 
with lower votes than males in the first and the same final scores in the second, although a 
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slower rate of adaptation was noted.  Discomfort in the cool condition, although initially more 
marked for females, gradually declined to votes similar to those of the males. 
 
Similar overshoots to those observed in sensation and in the previous week were observed 
when moving from a warmer environment to a cooler environment, although this was not 
observed for females after entering the laboratory from the warm chamber. 
 
Less discomfort may have been experienced by females in the laboratory due to the slightly 
warmer conditions on that day in comparison to the previous week.  It may, therefore, be that 
small reductions in air temperature and partial vapour pressure have a larger effect on 
sensation for females. 
 
Comfort appears to demonstrate the same effects of moving between environments that 
sensation shows.  A change from a warmer to a cooler environment results in an initial 
overshoot and a steady decline after this, reaching steady-state at approximately 20 minutes. 
5.4.6 Subjective Results – Thermal Preference 
Thermal preference scores for week 1 are illustrated in Figure 5.16 and shows females voting 
higher than males in each environmental condition.  Participants in the laboratory preferred the 
environment to be between ‗no change‘ and ‗slightly warmer‘.  On entering the warm chamber, 
preference scores immediately decrease and participants want to feel slightly cooler.  Male 
votes decrease further during the 30 minutes, eventually wishing to feel cooler.  Female votes 
increase during the 30 minutes to a value of approximately -0.8.  After entering the neutral 
chamber, participant preferences once again increase, to a value of 1, although females show 
the greatest preference for warmth.  Male preferences plateau sooner than females, after 
approximately 15 minutes.  Female preferences gradually reduce throughout the 30 minutes 
and show a greater difference between start and end preferences than males in this condition.  
On exiting the chamber, preferences for warmth increase once more and remain relatively 
constant during the time in this location. 
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Figure 5.16 Mean preference scores per gender and overall – 09/03/10 
The preference scores during week 2 are shown in Figure 5.17 and again, it can be seen that 
females prefer a slightly warmer environment.  In the laboratory, mean preference increases 
from a very slight preference for cooler to no change.  On entering the cold chamber there is an 
immediate increase in preference to approximately 2, (‗warmer‘).  This gradually increases 
during the 30 minutes with both gender‘s preferences beginning to converge.  After entering the 
warm chamber, participants prefer to feel slightly cooler, although females do not wish to feel as 
cool as males.  Male votes continue to decrease until 5 minutes, after which, votes increase 
once more, finally reaching values similar to those at the start of the warm condition.  Female 
votes show a slight decrease during the 30 minutes; however mean values for both genders are 
constant throughout.  When participants enter the laboratory once more, they express a 
preference for the environment to be slightly warmer; this preference gradually decreases, 
plateauing around 20 minutes. 
 
Figure 5.17 Mean preference scores per gender and overall – 16/03/10 
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Interpretation of results 
The data from week 1 suggests that the greater the difference in environmental conditions 
between the two environments, there is a greater likelihood of a transient response.  This 
response is likely to reflect conditions in the previous environment e.g. cool  warm results in a 
lag of the cool sensation.  After this, participants gradually prefer to feel cooler and therefore the 
preference for cool in the new condition increases.  When moving from warm to cool there is a 
lag in the sensation of warmth and a greater preference to feel warmer, as skin temperatures 
cool, less heat is lost to the environment and preference for warmth reduces. 
 
The male preference to feel cooler in the warm chamber in week 1 reflects the greater 
discomfort experienced in this condition and may be linked with stickiness scores instigating the 
preference and not sensation alone.  Sensation scores at this point are not markedly different 
and it is, therefore, unlikely that sensation is the cause of the preference to feel cooler.  As 
female preferences increase in value in the warm chamber, it may be that females are better 
adapted to coping with warmer environments, especially as clothing insulation was greater 
during this week.  In week 2, female values gradually decrease, probably the result of the 
previous chamber condition, however 30 minute values are similar.  Conversely, male results 
from week 2 demonstrate a markedly different pattern which, despite an initial overshoot, 
displays a steady increase and ends at -1.3 in comparison to the -2 vote the previous week.  
This difference in preference may result from differences in stickiness and will be analysed in 
the following section. 
 
Throughout the two weeks, female preferences tend towards a warmer environment than male 
preferences despite the same or higher clothing insulation values and sensations.  However 
results are not significant. 
 
The results have also shown that preference scores react similarly to sensation in that, when 
moving from cooler to warmer environments, preference almost immediately changes to the 
new, steady-state value.  When moving from a warmer to a cooler environment, a similar 
overshoot is observed, after which, values change to reach steady state.  This effect was not 
noticeable in week 2 when moving from the laboratory to the cold chamber and it may be that, 
when there is a large downward temperature gradient between the two environments, the same 
pattern is not observed. 
5.4.7 Subjective Results – Stickiness 
Stickiness votes during week 1 are shown in Figure 5.18.  In the cooler conditions, stickiness 
scores are low and it is only the warm chamber condition that results in values increasing.  For 
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males, votes increase on entering the warm chamber and continue to increase throughout the 
30 minutes.  Female stickiness scores, although increasing on entry, remain constant during the 
exposure.  Votes reduce for both genders immediately after exiting the warm chamber and 
entering the neutral chamber.  These values remain low for the rest of the experiment. 
 
Figure 5.18 Mean stickiness scores per gender and overall – 09/03/10 
Stickiness scores for week 2 Figure 5.19 are more complex.  The greatest sensation of 
stickiness is still in the warm condition.  However, there is a general perception of stickiness 
throughout the other conditions, particularly for males.  Male sensation of stickiness is higher 
than females at almost all data points. 
 
Figure 5.19 Mean stickiness scores per gender and overall – 16/03/10 
On arriving at the laboratory, stickiness scores gradually decrease during the 30 minutes and 
continue to decrease after entering the cold chamber.  After 10 minutes, however, male votes 
increase slightly and remain constant at approximately 1.2 units.  Similar to week 1, there is an 
increase in stickiness scores after entering the warm chamber and, for males, these values 
increase during the 30 minutes.  Females exhibit a slight fluctuation in scores; however, votes at 
the start and end of the condition are comparable. 
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Interpretation of results 
On entering the neutral chamber from the warm chamber in week 1, stickiness is eliminated, 
indicating that all water vapour has evaporated and may be a factor in the sensation of draught 
and a decrease in thermal sensation. 
 
Stickiness results for week 2 in Figure 5.19 reflect the slightly warmer conditions in the 
laboratory with slightly higher stickiness levels.  This effect of sweating in cool conditions was 
observed in the experiment described in chapter 4 and demonstrates that the body is not in a 
state of heat balance. 
 
Both weeks show a sharp increase in male stickiness towards the end of the warm chamber 
condition.  This coincides with a sharp decrease in preference scores for males in week 1.  
Interestingly, this effect is not observed in week 2 with preference scores increasing (i.e. less 
preference for cooler). 
 
Males demonstrate an increase in stickiness in the warm chamber during both weeks.  This, 
however, is not reflected in male preferences in week 2 which display a decrease in the 
preference to feel cool.  All other parameters decrease over time and it could, therefore, be 
inferred that the increase in sweating reduces other subjective parameters and increases 
comfort.  Males during week 1, however, do not demonstrate this effect and discomfort 
increases during the 30 minutes in the warm condition.  These differences may result from the 
natural variation between people or could result from the effects from the previous condition.  In 
the case of week 2, this was the cold chamber and there may be some lag from the cold 
conditions resulting in less discomfort in the warm conditions. 
5.4.8 Subjective Results – Pleasantness 
Figure 5.20 shows the results for pleasantness in week 1 and it can be seen that there are large 
differences between genders in the cooler environments.  Males find these environments more 
pleasant than females. 
 
After the experiment begins, pleasantness scores gradually decrease (although there is some 
fluctuation).  On entering the warm chamber, male pleasantness scores continue to decrease, 
however, female scores increase slightly.  When participants enter the neutral chamber, males 
scores increase and, similar to sensation, overshoot the steady-state value.  Female scores 
initially decrease, demonstrating an overshoot and steadily increase after 5 minutes.  Both 
genders show a decrease in pleasantness on exit from the neutral chamber into the laboratory.  
Male scores immediately reach steady-state; however, female scores increase over the 30 
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minutes.  By the end of the experiment, both genders select values that are comparable to 
those at the end of the first laboratory condition. 
 
Figure 5.20 Mean pleasantness scores per gender and overall – 09/03/10 
In week 2 (Figure 5.21), males and females select pleasantness votes that are more similar to 
each other.  Initially, in the laboratory, participants find the environment slightly pleasant, 
however, female votes decrease after this point until the score is approximately 0.  Male votes 
plateau for the first 20 minutes and start to increase after this, to approximately 0.5 units.  On 
entering the cold chamber, there is a decrease in votes that is of similar magnitude for both 
genders.  There is a slight reduction in pleasantness votes during the first 20 minutes and then 
a sudden peak at 25 minutes, this peak is not caused by any change in measured 
environmental variables.  Pleasantness at 30 minutes reduces once more for both genders and 
increases in entering the warm chamber.  Males, once again, experience a slight overshoot in 
scores which reduce at the 5 minute point and steadily increase after that.  Females do not 
exhibit the same overshoot, but only show the increase in pleasantness.  At 20 minutes, 
pleasantness scores for males and females are the same and begin to reduce slightly.  After 
entering the laboratory once more, both genders display an increase in pleasantness with votes 
showing an exponential decay to steady-state. 
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Figure 5.21 Mean pleasantness scores per gender and overall – 16/03/10 
Interpretation of results 
Despite females having higher clothing insulation values in week 1, they consistently found the 
cooler environments more unpleasant than males.  These results reflect differences observed 
by Fanger (1970) and Webb and Parsons(1997) that females are more sensitive to cool/cold 
conditions.  However, this effect was not observed in the previous study, nor was it observed in 
the laboratory conditions in week 2.  This greater sensitivity is thought to result from the larger 
surface area to mass ratio of female hands increasing heat loss at this location and negatively 
affecting subjective parameters.  Lower levels of pleasantness in females are reflected by lower 
sensations and greater preference for warmth.  Overshoots observed in females during week 1 
are reflected in sensation comfort and preference scores.  Decreases in pleasantness on 
entering the laboratory reflect the cooler conditions and the comfort and preference scores at 
this point.  Sensations, however, although increasing during the condition are similar to those in 
the neutral chamber. The other subjective parameters, therefore reflect the subtle differences 
between the two environments that sensation alone does not. 
 
Interestingly, there is a difference between the two weeks and pleasantness scores in the warm 
condition.  In week 1 there is a mean pleasantness of -0.5 whereas in week 2 this increases to -
0.08.  There may be an interaction between the warm environment and the prior cold 
environment, with the unpleasantness experienced in the previous environment resulting in a 
more pleasant experience in the warm. 
5.4.9 Subjective Results – Draught 
Figure 5.22 shows the draught scores during week 1 per gender and overall.  Participants found 
the laboratory between ‗not draughty‘ and ‗slightly draughty‘, scores then reduced on entering 
the warm chamber to virtually no sensation of draught.  On entering the neutral chamber, there 
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is a sharp increase in the sensation of draught that reduces over the 30 minutes.  As 
participants exit the neutral chamber into the laboratory, sensation of draught decreases again. 
 
Figure 5.22 Mean draught scores per gender and overall – 09/03/10 
The results for week 2 are shown in Figure 5.23.  Once again, votes in the laboratory were low 
after which, on entering the cold chamber, there was a sharp increase in draught scores.  
Draught scores reduce on entering the warm chamber to virtually no sensation of draught.  
Votes increase on exiting the chamber into the laboratory and reduce during the 30 minute 
exposure to values comparable to those in the first laboratory condition. 
 
Figure 5.23 Mean draught scores per gender and overall – 16/03/10 
Male and female draught scores were similar throughout the experiment; however females 
experienced a greater sensation of draught on entering the cold chamber.  This value remained 
relatively constant throughout the experiment, whereas males showed a steady increase in 
sensation until both genders matched by the end of the 30 minutes. 
Interpretation of results 
Both weeks demonstrate a transient effect in draught scores.  The neutral chamber and second 
laboratory condition in week 1 and the second laboratory condition in week 2 show a decline in 
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air velocity over time, even though there was no measured change.  Transferring from a warmer 
to a cooler environment results in a greater sensitivity to draught which is more sensitive at 
lower air temperatures. 
 
Entering cooler conditions from the warm chamber (the neutral chamber in week 1 and the 
laboratory in week 2), results in a sudden increase in perception of draught even though there is 
no reduction in air velocity.  The change in sensation of draught is likely to result from a greater 
rate of heat loss at the skin through sweat due to the decrease in partial vapour pressure.  
Although there is another decrease in partial vapour pressure on entering the laboratory, 
participants are no longer sweating, which limits the effects of the reduction in the parameter. 
 
Although air velocities at the beginning and end of week 1 are the same, male draught scores 
are different, this may result from the effect of experiencing the slightly higher air velocities in 
the chambers which influences the perception of draught when outside.  This, therefore, 
indicates that perception of draught may be a transient sensation that is the result of recent (i.e. 
last 2 hours) experiences.  It also shows that participants may still be able to perceive subtle 
changes in low air velocities, despite air velocities in all conditions less than the 0.15ms-1 
normally referred to as ‗still air‘.  Females found the cooler environments less draughty than 
males this may result from their slightly greater clothing insulation providing some protection 
from draughts in the areas. 
 
Air velocity in the laboratory was the same on each of the four occasions, however, sensation of 
draught appears to be correlated with air temperature, and therefore mean skin temperature, as 
air temperature was lower during week 1 and perception of draught was greater.  After exiting 
warmer conditions into the laboratory, sensation of draught decreases as the person gradually 
reaches steady-state, whereupon draught scores are minimal. 
 
Draught scores increase on entering the cold chamber which is likely to result from the actual 
increase in air velocity at this point, but may also be compounded by the reduction in air 
temperature and partial vapour pressure. 
 
One aspect that may have confounded the perception of draught was the noise of the fans used 
to circulate the air within the chambers.  Whilst these have been designed to minimise the air 
velocity caused, the noise of their operation may have resulted in participants perceiving that air 
was fluctuating when, in reality, it was not i.e. ―The fans are loud, therefore they must be 
working and the louder they are, and the harder they must be working‖.  The arrangement of the 
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fans between the two chambers is also different, in chamber A, the fans are located along one 
of the chamber walls, however, in chamber B, there are located on the ceiling. 
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5.5 Discussion 
5.5.1 Environmental Conditions 
There were slight differences in environmental conditions in the laboratory between the two 
weeks.  As has been demonstrated, this resulted in slightly different PMVs.  The environments 
cannot, therefore, be combined for any analysis but do provide data for subtly different 
conditions. 
 
The warm chamber was designed to expose participants to the same conditions during both 
weeks and despite small differences in PMV, this can be considered to have occurred in terms 
of sensation, comfort, stickiness and draught.  Preference for cold in week 2 was not as great, 
only -1.1 at the 30 minute point compared to -1.4 in week 1 and participants in week 1 found the 
environment more unpleasant than week 2.  It is, therefore, likely that these differences result 
from the effects of the previous environment, the laboratory in week 1 and the cold chamber in 
week 2. 
5.5.2 General comments 
A general discussion point for all subjective parameters is that there may have been an effect of 
anticipation or arousal prior to the move to the new environment.  Participants were informed for 
the time period spent in each location and towards the end of each condition, may have 
exhibited a certain level of psychological and physical arousal in order to prepare themselves 
for the move.  This is evident in some parameters with a sudden peak or trough in data even 
though there were no environmental changes to cause this.  This effect, however, is likely to be 
observed in the field as the person begins to board or alight the train and is therefore, a useful 
aspect to measure. 
5.5.3 Thermal Sensation 
Results for thermal sensation during both weeks have shown that votes plateau after 20 
minutes indicating that participants have reached steady-state.  This value agrees with data in 
the previous experiment (see chapter 4) which also shows that participant votes plateau after 
this point.  In week 1, female sensations were cooler than male sensations at almost all 
measurement points, despite greater clothing insulation.  However, in week 2, male and female 
scores were similar throughout the experiment which is likely to result from the similar clothing 
insulation worn by both genders. 
 
It is difficult to determine why these differences in gender occur between the two weeks.  
Clothing is unlikely to be the explanation alone, as female estimated clothing insulation 
decreased by 0.01m2°CW-1 from week 1 to week 2 which should result in a greater sensitivity to 
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cooler conditions, not less.  In addition, male clothing insulation increased by 0.02 m2°CW-1 in 
week 2 which should have resulted in wider differences between genders, not a reduction of 
them.  It may be that clothing fit and type plays a role in the differences between the weeks and 
photographs are provided in Appendix G.  In week 1 more females were wearing jeans and in 
week 2 more females were wearing leggings.  It may, therefore, be that the fit of the leggings 
better insulate females during the second week and make them less sensitive to the cold 
(Kerslake 1988). 
 
It is also possible there is a physiological or psychological difference between the two weeks.  
One week may be more physically active and have a different body composition to the other, 
however, this was not checked and, as the sample was taken alphabetically, there is no reason 
to assume that persons with a surname in the first or latter half of the alphabet are likely to be 
more active than the other.  In total, there were greater numbers of participants from the 
Ergonomics programme (as the module is an Ergonomics module).  In week 1, there were 
similar proportions of participants from the three courses taking the module; Ergonomics, 
Psychology with Ergonomics and Human Biology.  In week, 2, however, a far greater proportion 
of the group were Ergonomics students.  Familiarity with Ergonomic techniques may, therefore, 
make participants score differently on the scales.  It is unlikely that these differences have a 
major impact on votes and results are purely the result of natural variation between people. 
 
In the warm chamber condition, male votes demonstrated an increase over time in comparison 
to females which demonstrate a decrease.  This difference is likely to result from the difference 
in sweat rates, evident from stickiness scores, and possibly an inefficient evaporation rate 
resulting in the sensation increase.  However, this effect was not observed in week 2 even 
though there were similar stickiness levels. 
 
Overshoots were observed when moving between warmer to cooler environments and in both 
weeks.  An overshoot is also observed for females after moving from the laboratory to the warm 
chamber in week 1 (an increase in air velocity) and in week 2 when moving from the cold to the 
warm chamber (a reduction in air velocity), despite the experiment in chapter 4 determining that 
no overshoot is observed when moving to a warmer environment.  It may, therefore depend on 
the temperature or steady-state sensation difference between the two environments.  These 
overshoots from cool to warm are, however, not as pronounced as those observed in the 
opposite direction and may result from the sudden increase in metabolic rate caused by 
standing and walking to the new location. 
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Overshoots in sensation were not observed when participants moved from the laboratory to the 
cold chamber in week 2, despite this being a change from warmer to cooler.  This may, again 
result from the large temperature difference between the two environments overcoming any 
overshoot effect.  These effects result in a constant mean which, when relating results to train 
carriages, steady state values can be used as this will reflect the mean for passengers within 
the train. 
 
The results of this and the previous experiment (chapter 4) have demonstrated that there are 
clear overshoots in sensation when moving from warmer to cooler environments (a downward 
transient).  This concurs with other research examining the transient effects of a change of 
environment (Gagge et al. 1967, Stolwijk and Hardy 1966, Hardy and Stolwijk 1966, de Dear et 
al. 1993, Zhao 2007, Arens et al. 2006a).  Field measurement of sensation changes is now 
required to determine if the effects observed in the two laboratory experiments reflect those in 
real environments. 
5.5.4 Predicted Mean Vote 
The calculated Predicted Mean Vote (PMV) in week 1 resulted in a PMV approximately 0.3 units 
lower for males in cooler conditions.  This results from the lower estimated clothing insulation 
worn by males during this week, but was not reflected in the Actual Mean Votes (AMVs) of 
males which were greater than the PMV would suggest. 
 
PMV was inaccurate at most data points, being too low in weeks 1 and 2 throughout the first 
laboratory condition, the warm chamber, the latter half of the second laboratory condition and 
during week 2 in the cold condition.  It could, therefore, be suggested that either the metabolic 
rate or clothing insulation used in the calculation were not high enough.  If PMV is examined per 
gender in week 1, it can be seen that female results in the two laboratory conditions are better 
predicted by PMV.  PMV is also more accurate for males in the neutral condition but is 
inaccurate for both genders in the warm condition.  Conversely, results during week 2 
demonstrate that PMV is most accurate in the warm condition and shows the greatest 
inaccuracy in the three cooler conditions. 
 
There is conflicting evidence regarding the accuracy of PMV in this context, as it is more 
accurate in air conditioned environments it may be suitable for use on air conditioned trains.  
This will be analysed in field experiment 2 (chapter 8).  As it is designed for near neutral 
conditions, its applicability may be minimal outside this range 
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5.5.5 Thermal Comfort 
In week 1, females are more uncomfortable than males in cooler conditions and this is thought 
to result from the greater surface area to mass ratio of the hands exhibited by females.  Thermal 
comfort results during week 2 also showed that females experience greater discomfort in the 
cooler conditions at the beginning of the experiment, however in the, cool, second laboratory 
condition, both genders have similar comfort scores.  Conversely, males were more 
uncomfortable in the warm conditions, a result that was observed the following week, a factor 
that is likely to result from the higher stickiness rating. 
 
Overshoots in comfort were observed when moving from warmer to cooler environments in 
weeks 1 and 2 and for females when moving from the laboratory to the warm chamber and from 
the warm to the neutral chamber.  In the move from the warm to the neutral chamber, males 
displayed the opposite effect to females and an overshoot of comfort votes was observed.  
Males moving from the warm chamber to the laboratory in week 2 also experienced an 
overshoot in comfort; females however, exhibited no overshoot and an exponential decay in 
thermal comfort scores once in the laboratory. 
 
Most conditions with a decrease in air temperature, showed a transient effect of thermal comfort 
with sharp increases or decreases at 15 minutes and a lower rate of change after this.  Results 
during week 2 demonstrated less variable votes and there was a visible plateau at 15 minutes. 
 
Comfort overshoots have also been observed in other research (Arens et al. 2006a, Arens et al. 
2006b), however there were no consistent overshoots when the two weeks were compared.  
Field data may result in wider fluctuations and overshoots in comfort resulting from the wider 
environmental conditions participants are likely to be exposed to. 
5.5.6 Thermal Preference 
Data from both weeks show that females express a greater preference to feel warmer than the 
males, even though sensation may be similar, indicating the general preference of females for 
warmer conditions.  Females experience preference overshoots when moving from warmer to 
cooler environments (similar to those observed in sensation) demonstrating that there is a 
transient response in this parameter and most conditions show that steady-state values are 
reached after approximately 20-25 minutes. 
 
Males do not show the same effect, and responses immediately reflect the steady-state 
indicating that male preferences may not be affected by transient conditions when the move is 
from a warmer to cooler environment.  However, results from week 2 refute this as there is an 
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overshoot and exponential decay in preference scores, in addition to an overshoot observed on 
entering the warm chamber from the cold one.  Therefore male preferences may be more 
affected by transient conditions when the move is from a cooler to warmer environment. 
 
Preference scores did not resolve to steady-state during week 1 except in the second laboratory 
condition after 20 minutes.  It may, therefore, take longer for preferences to reach steady-state, 
however in week 2 there is a greater effect with all conditions demonstrating a plateau after 20 
minutes. 
 
Preferences, similar to other subjective parameters, demonstrated inconsistent results between 
the two experimental weeks.  There is evidence that steady-state is reached after 25 minutes 
but more data is required to determine if this is the case.  The journeys in field experiment 2 are 
likely to be in excess of an hour and it should be possible to determine if and when a steady-
state preference is reached. 
5.5.7 Stickiness 
There were no differences between genders and stickiness in the three cooler conditions and 
both genders exhibited an increase in stickiness in the warm chamber.  Female scores 
remained constant throughout the 30 minutes; however males exhibited an exponential 
increase which is reflected in both comfort and preference scores during week 1 but not in 
sensation or pleasantness. 
 
Greater levels of stickiness were recorded during week 2, including in the warm condition.  
Again, male stickiness was again greater than females; however, unlike week 1, this was not 
reflected in the comfort or preference scores.  The sharp increase in male stickiness at the end 
of the warm condition indicates the body has to work harder and sweat more to maintain 
comfort.  It may be that other subjective parameters decrease over the 30 minutes as a result of 
the increased sweat rate resulting in an increase in comfort. 
 
Stickiness scores did not demonstrate any transient condensation within clothing resulting from 
the dew point being reached.  It is likely that stickiness and perception of draught interacted with 
the sudden loss of moisture on the skin when entering the laboratory from the warm chamber, 
resulting in a greater perception of draught.  On warm and hot days, this effect will occur when 
rail passengers board an air conditioned train with a lower partial vapour pressure than that on 
the platform. 
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5.5.8 Pleasantness 
Females found the cooler environments more unpleasant that males, which coincides with 
comfort and preference scores but differences are wider than those observed in thermal 
sensation.  It cannot, therefore, be inferred that equality in sensation will result in equality in 
other parameters. 
 
In week 1 males found the warm environment more unpleasant than females and find the 
neutral chamber the most pleasant.  This coincides with a sensation of approximately -1 and a 
preference of 0.2 indicating male tendencies towards a cooler environment.  In week 2, males 
did not find the environment as unpleasant as those in the previous week and pleasantness 
scores in the warm chamber are similar to females even though sensation, comfort and 
stickiness scores are higher and there is a greater preference to feel cooler.  This may, again, 
result from the higher sweat rate increasing pleasantness within this environment.  Male 
pleasantness scores reach steady-state at a faster rate than females indicating that transient 
effects are not as pronounced for males in this subjective parameter. 
 
Overshoots in pleasantness were observed for males when moving from the warm chamber to 
the neutral chamber in week 1 and cold to warm and warm to neutral in week 2.  Overshoots 
were observed for females when moving between the warm and neutral chamber and between 
the neutral chamber and the laboratory.  The female votes in the neutral chamber and the 
laboratory show a pattern of linear growth.  As male overshoots occur following both types of 
environmental change, it may be that males find the moving between environments pleasant 
rather than the environment itself as votes decrease after this point. 
 
There was no consistent time by which pleasantness scores in week 1 had reached steady-
state, however, scores in week 2 reach a plateau after 15 minutes.  Again, it will be possible to 
test this on the longer field experiment described in chapter 8 as the journey will be long enough 
to determine when steady-state is reached. 
5.5.9 Draught 
Male perception of draught was greater than females in the cooler conditions.  Both genders 
showed similar values in the warm chamber and in the second laboratory condition.  Females 
showed the greatest sensitivity to draught in the cold chamber at the beginning of the 
experiment but at 30 minutes, both genders selected similar values.  It may, be that females are 
less affected by a transient response to draught and reach steady-state sooner. 
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Air velocities were less than 0.15ms-1 in each location during week 1, a value which is normally 
considered to be ‗still air‘ and yet there are clear differences in draught scores between each 
condition.  In the laboratory conditions, mean air velocity equals 0.05ms-1 and yet can still be 
perceived by participants.  Draught scores at the 30 minute point in week 1 are different, which 
may result from the slight increase in air temperature reducing the ability to perceive draught.  
This is better reflected by votes which reduce on entering the warm chamber despite an 
increase in air velocity to 0.12ms-1.  In week 2, even though air velocity in the warm chamber 
was the same in the two laboratory conditions, there was no perception of any draught, again, 
demonstrating that at higher temperatures, air velocities are more difficult to perceive.  Air 
velocities in the two laboratory conditions were reflected in the same draught scores at 30 
minutes for both locations. 
 
There is an overshoot in sensation of draught from leaving the warm chamber and entering the 
neutral chamber in week 1 and entering the laboratory in week 2.  This is likely to result from the 
reduction in partial vapour pressure, causing an increase in the rate of sweat evaporation and 
transient cooling.  In reality, there is no real change in air velocity when moving between the two 
environments.  As the body reaches a physiological equilibrium, votes gradually reduce 
although at 30 minutes, they are still higher than those in the warm condition.  Once again, this 
may result from the lower air temperature and therefore, mean skin temperatures and stickiness 
levels may have made participants more sensitive to draught.  Votes on entering the laboratory 
for the second time demonstrate an exponential decay indicating again, that moving from 
warmer to cooler environments result in a transient effect of draught sensation. 
 
It is possible that the physical action of moving between environmental locations results in 
greater air velocities moving across the body, however, participant votes were recorded after 
they had sat down in the new location.  Draught overshoots also take time to reduce to steady-
state indicating that it cannot only be the movement of the body resulting in an increase in 
perception of draught.  Also, participants were not walking particularly quickly, therefore, any 
increase in air velocity caused by the move is likely to be minimal. 
 
Low air temperatures result in greater perception of draught, as mean skin temperature tends 
towards air temperature, draught scores decrease but are still higher in conditions with lower air 
temperatures than those with the same air velocity but higher air temperatures.  This effect is 
likely to result from air velocity cooling skin temperature below a comfortable point. 
 
Perception of draught has been shown to be significantly affected by changes of environment.  
Reductions in air temperature and partial vapour pressures confound experiences and take time 
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to reach a value that can be considered steady-state.  Similar to thermal sensation, draught 
perception can take up to 20 minutes before this occurs.  This is an important factor to consider 
on shorter train journeys as passengers may experience discomfort due to draught, even 
though air velocities are low.  This is the result of the prior environment inducing a reduction in 
skin temperatures and the evaporation of sweat when on the train. 
 
Whilst the greatest effort was taken to minimise vertical and lateral air velocity fluctuations, the 
size of the laboratory and height of the ceilings meant that control over this area was minimal.  
There may, have been minor changes in the environment that, although perceived by 
participants, may not have been recorded by the equipment. 
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5.6 Conclusions 
1. Thermal comfort was measured following different magnitudes of environmental change.  
Similar to laboratory experiment 2, changes in subjective scores were noted immediately 
following the move to the new environment; 
2. Overshoots in sensation were again noted following changes from warmer to cooler 
environments; however, a move from a warmer to cold environment demonstrated no 
such effect.  Participants immediately selected sensations predicted by the steady-state 
index PMV and once again, no overshoots were observed following a move from cooler 
to warmer environments; 
3. Sensation takes approximately 20 minutes to reach steady-state; 
4. There were no practical differences between genders and the rate at which steady-state 
is achieved; 
5. Other subjective parameters also demonstrating an initial overshoot or undershoot were: 
i. Comfort 
- week 1: neutral chamber  laboratory, warm chamber  neutral chamber; 
- week 2: laboratory  cold chamber, cold chamber  warm chamber, warm 
chamber  laboratory (males only); 
ii. Preference 
- week 1: warm chamber  neutral chamber, neutral chamber  laboratory; 
- week 2: warm chamber  laboratory, cold chamber  warm chamber (males 
only); 
iii. Pleasantness 
- week 1: warm chamber  neutral chamber, neutral chamber  laboratory; 
- week 2: cold chamber  warm chamber (opposite effect to other parameters), 
warm chamber  laboratory (males only); 
iv. Draught 
- week 1: warm chamber  neutral chamber, neutral chamber  laboratory; 
- week 2: warm chamber  laboratory; 
6. Stickiness scores show no effects of the transient conditions; 
7. The data from this experiment and from the experiment in chapter 4 will be used to 
develop a predictive model of thermal comfort on trains; 
8. This model will be tested in the field in the experiments described in chapters‘ 7 and 8. 
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6 Discussion of Laboratory Trials and Development of a 
Predictive Model 
6.1 Summary 
This chapter discusses the results from the two laboratory experiments detailed in chapters 4 
and 5.  The effects observed in these experiments have been compared with Predicted Mean 
Vote (PMV) thermal comfort model (ISO 7730 2005) to determine how sensation alters following 
a change of environment.  As a result, an adaptation to PMV was created to enable it to be 
used in transient situations.  This adaptation predicts the overshoot that occurs when moving 
from a warmer to a cooler environment where the PMV between +2.  The model also predicts 
the rate of change of sensation until steady-state is achieved at 25 minutes.  This model will be 
tested in two field experiments, described in chapters‘ 7 and 8, to determine its validity for use in 
train travel. 
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6.2 Introduction 
Two laboratory experiments have been conducted to determine the effects of changing 
environments on sensation.  These experiments have determined that when moving from cooler 
to warmer environments, sensation immediately adapts to the experience which is felt in steady-
state conditions.  However, when moving from warmer to cooler environments, sensation 
‗overshoots‘ the value predicted by the Predicted Mean Vote (PMV) index,.  This effect appears 
to only occur when sensation stays within relatively comfortable conditions (-2<PMV<+2 – i.e. 
warm to cool).  There is evidence to suggest that if the temperature difference is greater than 
10°C then sensation, is equal to steady-state values immediately. 
 
The purpose of these experiments was to determine if the move between environments results 
in a significantly different sensation to that experienced in steady-state and if this persists for a 
long period of time.  Results demonstrated that initial sensations following a transient are 
significantly different from predicted steady-state values and it takes approximately 20 minutes 
for sensation to reach steady-state.  This has ramifications for the specification of environmental 
conditions within train carriages because it may be on services where passengers take shorter 
journeys, they are more likely to be in a transient state than in steady-state.  Therefore existing 
models of sensation cannot accurately predict sensation. 
 
Table 6.1 lists the different environmental changes from warmer to cooler conditions that were 
investigated in the two laboratory experiments (chapters‘ 4 and 5).  The table shows the 
environmental‘ conditions in the first location (1) and the second location (2) and then the 
difference between the two conditions (2-1).  It can also be seen that the condition designed to 
feel neutral was actually reported to feel slightly cool, it will still, however, be referred to as 
neutral. 
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Table 6.1 Environmental transients during laboratory experiments 2 and 3 
  Laboratory experiment 2 Laboratory experiment 3 
 1 Neutral  
Slightly cool 
Warm  
Slightly cool 
Warm  
Slightly cool 
Neutral  
Cool 
Warm  
Slightly cool 
Slightly cool 
 Cold 2 
ta 
(°C) 
1 24.47 30.73 29.00 19.90 29.20 20.69 
2 18.78 19.48 19.90 18.92 20.40 9.57 
2-1 -5.69 -11.25 -9.10 -0.98 -8.80 -11.20 
tr 
(°C) 
1 24.93 31.04 29.51 21.22 29.67 19.95 
2 18.09 18.91 21.22 17.70 19.77 10.84 
2-1 -6.84 -12.13 -8.29 -3.52 -9.90 -9.11 
v 
(ms-1) 
1 0.23 0.22 0.12 0.11 0.04 0.04 
2 0.10 0.07 0.11 0.05 0.05 0.23 
2-1 -0.13 -0.15 -0.01 -0.06 0.01 0.19 
RH 
(%) 
1 47.24 31.44 48.50 43.90 45.20 39.73 
2 51.03 48.06 43.90 37.94 40.20 47.10 
2-1 3.79 16.62 -4.60 -5.96 -5.00 7.37 
Pa 
(Pa) 
1 1449.89 1401.44 1942.00 1020.00 1836.00 969.48 
2 1122.64 1094.46 1020.00 829.14 965.00 560.80 
2-1 -327.25 -306.98 -922.00 -190.86 -871.00 -408.68 
PMV 1 0.3 1.9 1.4 -1.2 1.5 -1.2 
2 -0.6 -0.4 -1.2 -1.8 -1.3 -4.8 
2-1 -0.9 -2.3 -2.6 -0.6 -2.8 -3.6 
 
In the first laboratory experiment, 24 participants were exposed to different chamber conditions 
on three separate occasions and were moved to a new location that had the same 
environmental conditions on each occasion.  The purpose of the experiment was to determine 
how thermal comfort changes when people move between environments.  It showed that when 
individuals transfer from warmer to cooler environments, sensation overshoots values predicted 
by PMV.  The experiment could not, however, determine how sensations changes over time or 
when steady-state is reached.  This led to the second laboratory experiment examining 
transient conditions. 
 
The second experiment exposed 48 participants to multiple changes in conditions ranging from 
a temperature difference of approximately 1°C to 20°C.  Once again, downward steps in 
environmental conditions displayed overshoots in sensation except when the difference resulted 
in moving to cold conditions.  The conditions which showed an overshoot then displayed an 
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increase in sensation from the initial cooler reaction, reaching a plateau after approximately 20-
25 minutes. 
 
This chapter will describe the calculation of the initial overshoot and model sensation 
progression until the steady-state point at 25 minutes. 
6.3 Development of model 
6.3.1 Overshoot calculation 
Examples of overshoots observed during the laboratory experiments are shown in Figure 6.1 
and Figure 6.2.  The figures show both the Actual Mean Votes (AMVs) and Predicted Mean 
Votes (PMVs) in the previous and current locations. 
 
Figure 6.1 Example of overshoot (1) 
 
Figure 6.2 Example of overshoot (2) 
Both figures clearly demonstrate sensations overshooting the predicted steady-state value 
when there is a downward step in environmental conditions. 
 
Initially, the difference in PMV between the two environments were plotted against the 
difference between AMV and PMV in the new location (see Figure 6.3) as the slightly cool to 
cold transfer exhibited not overshoots, the data was omitted from the graph.  The graph was 
created to determine if the overshoot in AMV was related to the difference between the two 
environments, i.e. the greater the difference between the two conditions, the bigger the 
overshoot.  Therefore, if there is no difference between the environmental conditions then AMV 
= PMV and the overshoot is 0.  Consequently, the trend line on the graph should show a 
negative gradient with an intercept at 0.  The horizontal axis represents the difference between 
the two environmental conditions calculated by PMV and the vertical axis represents the 
magnitude of the overshoot. 
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Figure 6.3 Relationship between PMV and AMV in previous and current locations 
The graph shows that there is minimal correlation between the two environmental conditions 
because the gradient of the line is slightly positive (although it is almost horizontal).  It can, 
therefore, be concluded that the overshoot results from the downward shift of conditions rather 
than relating to the magnitude of change.  A mean overshoot was calculated from all conditions 
to produce the simplest adaptation to PMV whilst still reflecting the overshoot observed.  This 
resulted in a constant overshoot of -0.6 applied to the PMV in the new location (see Table 6.2). 
Table 6.2 Mean overshoot of AMV in relation to PMV 
 
PMVprevious - PMVcurrent AMVcurrent - PMVcurrent 
Neutral to Slightly cool 1.3 -0.3 
Warm to Slightly cool 2.5 -0.2 
Warm to Slightly cool 2.3 -1.3 
Slightly cool to Cool 0.4 -0.4 
Warm to Slightly cool 2.6 -0.8 
MEAN 
 
-0.6 
Where: PMVprevious – Predicted Mean Vote in the previous location; 
PMVcurrent – Predicted Mean Vote in the current location; 
AMVcurrent – Actual Mean Vote in the current location. 
6.3.2 Sensation progression calculation 
The data from the second transient experiment was used to calculate how sensation increases 
over time (see Figure 6.4).  The mean sensation at each time point and each condition was 
calculated and then normalised so that each curve began from the same point (0) on the graph.  
If real values are used, they only reflect the sensation (-3, +2 etc) at each point and cannot be 
compared with one another.  The graph shows the increases in sensation during the Neutral 
chamber condition (blue diamond) and the second laboratory condition (slightly cool – red 
square) in week 1 and the second laboratory condition (slightly cool – green triangle) in week 2.  
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Once again, there was no relationship between the chamber condition and the rate of change of 
sensation, therefore data was combined (All – purple circle) and a trendline was created. 
 
Figure 6.4 Sensation change over time 
The graph shows that the relationship between time and sensation change could be considered  
quadratic.  Other trendlines were fitted with the data (linear, exponential) but the quadratic 
showed the best relationship.  The resulting equation is: 
 
                     
6.1 
 
To account for the overshoot initially observed, the new equation becomes: 
 
                 
               
6.2 
Where t = time (mins) 
PMVTRANS = Predicted Mean Vote corrected for transient conditions 
 
To allow the curve to apply to any magnitude of condition change with a steady-state sensation 
achieved after 25 minutes, a scale factor was applied to the curve.  To calculate this scale 
factor, the following calculations were conducted: 
 
                    
                    
6.3 
Where SF = scale factor 
At t = 25 minutes, PMVTRANS = 0 (i.e. there is no correction and PMVTRANS = PMV), therefore: 
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The final equation must include PMV so that sensation can be determined by applying the 
correction calculated above.  The resulting equation is as follows: 
 
                         
                              
                  
                              
6.4 
6.4 Validation of model from experimental data 
The model detailed in the previous section was then compared with the mean data from the 
three conditions which cause overshoots and sensation increases (Figure 6.5).  Even though 
the model was created from a mean of all the conditions, the model is able to predict actual 
sensations accurately. 
 
Figure 6.5 Comparison of mean AMV and PMVTRANS 
Examples of the calculation of the overshoots are shown in Figure 6.6 and Figure 6.7.  The 
graphs show how the PMVTRANS model accounts for the overshoots in sensation following the 
change of environment. 
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Figure 6.6 Example of overshoot with PMVTRANS 
(1) 
 
Figure 6.7 Example of overshoot with PMVTRANS 
(2) 
This model will be validated and corrected by comparing it with data collected in field 
experiments 1 and 2 (chapters 7 and 8).  From this, a final model will be suggested in chapter 8. 
6.5 Discussion 
Due to the variation in overshoots observed immediately following a change of environments, it 
was determined that a constant overshoot should be applied rather than one that account for 
the differences between conditions.  This may result in some error within the model and will be 
analysed using data from the field experiments. 
 
The PMV model is designed for use under steady-state conditions and comfort, it therefore may 
be inappropriate to apply it in all conditions and results will need to be validated thoroughly 
before determining how useful the correction is. 
 
The model is designed for use in train carriages, rail companies will be able to use outside 
environmental data to determine PMVprevious and therefore predicted sensations on the station 
platforms.  This can then be used to determine PMVTRANS which will enable the companies to 
understand how passengers subjectively respond to the environment in order to set conditions 
that result in greater passenger thermal comfort.  For instance, if the train journey results in 
short passenger journey‘s of less than 20 minutes, passengers will be experiencing transient 
effects and it may be preferable to reduce or increase normal temperature to counteract these.  
Conversely, on longer journeys with station stops greater than 20 minutes apart, passengers 
will have reached steady-state and the normal PMV index can be used.  This could then be 
combined with passenger boarding patterns to determine which stations result in the largest 
increase in people boarding.  In these cases, to produce maximum passenger comfort, it may 
be necessary to accommodate the thermal comfort of people boarding, and therefore 
experiencing the effects of the transient move, rather than passengers in steady-state. 
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Passengers will also have their own thermal load into the carriage resulting in increases in air 
temperatures where large numbers of passengers board the train.  Rather than relying on a 
reactionary thermostatic system, the train‘s heating and ventilating systems could cool 
conditions prior to this so the effect is reduced. 
 
The current model only operates during the first 25 minutes of the train journey, after this point 
the normal PMV model must be used. 
 
It is possible that during the summer months, an air conditioned train with frequent stops may 
not need to accommodate passengers in steady-state.  Therefore, carriage temperatures may 
be increased due to sensations being cooler than predicted by the PMV index.  This may result 
in the train operating company saving money and a reduction in the CO2 emissions from the 
train. 
6.6 Conclusions 
1. Sensations immediately following a change of environment are independent from the 
temperature difference between the conditions; 
2. This sensation exceeds values predicted by PMV and is not suitable for use in its 
existing state; 
3. Sensation increases following the overshoot and this can be predicted by a quadratic 
equation; 
4. A predictive model, PMVTRANS, has been created using data described in chapters 4 and 
5 and has been shown to be more useful in transient conditions. 
The model described in this chapter will be tested using data from field experiments 1 and 2 
(chapters 7 and 8) measuring thermal comfort when boarding and throughout a train journey.  
This data is compared with the model in chapter 8 with any corrections to the model described 
there. 
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PART 3 – FIELD EXPERIMENTS 
7 A field experiment to determine thermal comfort when 
boarding trains 
7.1 Summary 
This chapter details an experiment conducted between March and December 2009 examining 
subjective thermal comfort whilst standing on a train station platform and immediately after 
boarding a train.  Participants were taken on two short train journeys and asked to record their 
thermal comfort when on the platform and whilst boarding the train.  Skin temperature and 
environmental measurements were also recorded.  Results have shown that in neutral to 
slightly warm conditions, Predictive Mean Vote (PMV) accurately reflects sensation both on the 
platform and following the movement onto the train.  In cooler conditions, PMV over-predicted 
sensations on the platform by estimating values lower than observed.  Overshoots in sensation 
were also observed after boarding the train in these conditions, however it is unclear whether 
this error is systematic in the case of slightly cool and cool conditions. 
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7.2 Introduction 
There is evidence to suggest that human thermal comfort within an environment is affected by 
the environment that preceded it, the effects of which can last from 20 minutes to an hour 
(Jones and Ogawa 1992).  It is therefore hypothesised that thermal comfort on a train journey 
will be affected by the environment, and therefore sensation experience, on the platform. 
 
Laboratory experiments 2 and 3 in chapters 4 and 5 have demonstrated that there is an effect of 
prior condition on sensation in the new location.  However, these two experiments lack 
ecological validity and it is necessary to determine whether the same effects are exhibited in 
field environments.  The purpose of this experiment was to determine if the patterns of 
sensation overshoot and rate of change to reach steady-state observed following a move from 
warmer to cooler environments in the laboratory are also experienced in the field.  If they are, 
then the model described in chapter 6 should be able to accurately predict sensations during 
the transient state of the participant. 
 
Predicted Mean Vote (PMV) has been shown to accurately estimate sensation for a group of 
people within a steady-state environment and studies have shown how adaptations to the PMV 
formula can render it useful for vehicle situations (Hodder and Parsons 2007, Vaughan et al. 
2004, Stennings 2007, Underwood and Parsons 2005).  However participants in these 
experiments had been sitting in the environment for a period of time and effects of prior 
conditions were minimal.  As the environmental conditions within this experiment are not 
steady-state, it is predicted that PMV will not reflect Actual Mean Votes (AMVs). 
 
Laboratory experiments 2 and 3 have resulted in an adaptation to the Predicted Mean Vote 
(PMV) index – PMVTRANS, which is more suitable for use in transient conditions.  This model 
estimates the initial overshoot and subsequent rate of change of sensation until steady-state is 
reached at 25 minutes. 
 
The results from this chapter will be compared with those observed in the previous two 
laboratory experiments to determine whether results in the laboratory accurately reflect those in 
the field.  Results in this experiment will also be combined with those in field experiment 2 
(chapter 8) to correct and validate PMVTRANS in chapter 9. 
7.2.1 Experiment aims and objectives 
The aim of the experiment was to measure thermal comfort whilst boarding a train to quantify 
any changes in thermal comfort during the transition from platform to train. 
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Experiment objectives: 
1. To determine whether sensation change in the field reflects that observed in the 
laboratory; 
2. To determine whether mean skin temperature or rate of change of mean skin 
temperature reflects any changes in sensation; 
3. To determine whether hand temperature is a predictor of sensation change during the 
transition from platform to train; 
4. To determine if the PMV index is an accurate predictor of sensation both on the platform 
and following the transition; 
5. To provide data foe the evaluation of a model that predicts sensation following a change 
of environments. 
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7.3 Experimental Method 
7.3.1 Design 
An independent measures design was employed, where participants were taken to local train 
stations.  They were required to report on their thermal comfort whilst standing on the station 
platform for 30 minutes prior to train‘s arrival and then continuously whilst boarding a train.  The 
experiment was conducted between March and December 2009 on East Midlands Trains using 
the Lincoln to Leicester service. 
 
The experimental group was composed of two experimenters and two participants travelling on 
a train.  The two experimenters were required to measure environmental conditions on the train 
and the platform.  Experimenter 2 travelled between Loughborough and Leicester, Experimenter 
1 and the two participants travelled between Sileby and Syston (see Figure 7.1 for train route 
diagram and Figure 7.2 for a map).  Experimenter 2 boarded the train at Loughborough to 
ensure that environmental equipment had time to adapt to the train conditions. 
 
Figure 7.1 Field experiment line diagram 
 
Figure 7.2 Map of field experiment route (in yellow) 
Participants recorded thermal comfort information whilst on the platform, when boarding and 
when alighting the train with the use of a voice recorder.  The voice recorder was used because 
it was felt that the method would be safer when boarding.  If a paper or personal digital assistant 
based method had been used there was the possibility that participants may not have paid full 
attention to boarding the train correctly and accidents may have occurred (see chapter 0 for 
greater detail on the methods).  Participants therefore required a method that would not require 
concentrating on inputting information and the voice recorder enabled participants to walk 
freely.  As participants were not required to provide subjective data during the train journey, any 
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negative features of using this method highlighted in laboratory experiment 1 (chapter 0) would 
be minimal. 
7.3.2 Subjects 
44 participants (12 males and 32 females, physical data shown in Table 7.1) were recruited 
from Loughborough University. 
Table 7.1 Mean physical data of participants (SD in brackets) 
Subjects Age (years) Weight (kg) Height (m) 
Male (12) 20.60 82.56 181.14 
 (2.70) (15.29) (7.14) 
Female (32) 19.98 65.99 166.85 
 (2.30) (11.34) (11.34) 
ALL (44) 20.15 70.86 170.84 
 (2.40) (14.40) (8.87) 
Participants wore the standardised clothing ensemble worn in the second laboratory experiment 
(chapter 4).  The ensemble consisted of a t-shirt (100% cotton), jumper (70% cotton, 30% 
polyester) and jeans (100% cotton) in addition to their own underwear and trainers (see Figure 
2.27 and Figure 2.28 for example).  The estimated clothing insulation provided by the ensemble 
is 0.96clo (0.149m2°C/W). 
 
If outside environmental conditions on the platform were lower than 8°C, participants wore a 
thin, waterproof jacket (shell = 100% polyester, lining = 100% nylon) in addition to the other 
clothing.  The jacket increased the estimated insulation of the ensemble by 0.31clo 
(0.048m2°C/W) to 1.27 Clo (0.197 m2°C/W) 
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Figure 7.3 Clothing ensemble (front) 
 
Figure 7.4 Clothing ensemble (back) 
7.3.3 Apparatus 
Apparatus used during the experiment is described below: 
1. Temperature – measured using thermistors, 14, 5 per participant measuring skin 
temperature and 2 on each experimental rig measuring air temperature (see Figure 7.5); 
2. Globe temperature – measured with150mm globe thermometer, 2, one on each 
experimental rig; 
3. Relative humidity – Vaisala HUMICAP 180 meter, 2, one on each rig; 
4. Air velocity – Biral hot wire anemometer, 2, one on each rig; 
5. YUASA battery, 12V 2Ah NP1.2-12 – 2, one to power each hot wire anemometer 
6. Eltek/Grant squirrel data loggers – 4, one per participant and 2 on each rig; 
7. Subjective recording monitor – 2, one per participant; 
8. Olympus WA-110 voice recorders – 2, one per participant to record subjective data; 
9. Subjective scale sheet – 2, one per participant (see Appendix B). 
7.3.4 Environmental Conditions 
Due to the nature of field experiments, it was not possible to regulate environmental conditions.  
Each experimenter carried a rig with environmental sensors (see Figure 7.1), measurements 
were logged at 1 second intervals using the Eltek/Grant data loggers.  As environments outside 
were quite cool in comparison to conditions on the train, the globe thermometer and humidity 
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probe on experimenter 2‘s rig were covered in insulating material.  The material insulated the 
equipment to limit the time lag for the equipment to reach equilibrium when on the train. 
 
Figure 7.5 Environmental measurement rig 
7.3.5 Objective Measurements 
Skin temperature was measured at 5 sites across the body using the 4-point Ramanathan 
method (Ramanathan 1964) with an additional thermistor located on the back of the hand.  The 
additional thermistor was used to determine whether hand skin temperature was an indicator or 
predictor of sensation.  Skin temperature was logged at 1 second intervals with a Grant 2010 
data logger. 
 
In addition to the physiological measurements, environmental conditions were logged at 1 
second intervals using the measurement rig in Figure 7.5 and an Eltek/Grant squirrel data 
logger. 
7.3.6 Subjective Measurements 
Only three subjective scales were used during this study: Sensation, Preference and Stickiness.  
As parts of the experiment required a rapid succession of data collection, it was felt that too 
many scales could become confusing for participants, and these three scales would provide the 
most information about the subjective environment.  Since environmental conditions outside 
were likely to have a greater range of variables, an extension to the usual 7-point sensation 
scale was used which extended the scale from -5 to +5 (ISO 10551 2001). 
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7.3.7 Procedure 
Prior to departing Loughborough University for Loughborough station, participants attended the 
Environmental Ergonomics laboratory at Loughborough University.  The 5 thermistors were then 
attached to the body, after which participants wore the standardised clothing ensemble. 
 
Participants were also required to wear a monitor which was used to mark when subjective 
recordings were made so that environmental information could be accurately matched with 
recordings.  Participants were weighed and had their height measured. 
 
After both participants were equipped with the relevant apparatus (voice recorders and 
subjective scale sheets), experimenters and participants travelled to Loughborough station by 
car.  Experimenter 2 stayed in the waiting room there for approximately 40 minutes before 
boarding the 10:58 southbound train to Leicester on platform 3.  During this time, Experimenter 
1 and the two participants travelled south to Sileby station and waited on the southbound 
platform for the same train arriving there at 11:03. 
 
Subjective thermal comfort was recorded with the use of three scales; (1) Sensation, (2) 
Preference, (3) Stickiness.  Participants used an Olympus WS-110 digital voice recorder to 
verbally record thermal comfort.  Participants were asked to state values for their whole body 
and then indicate any locations that differed from this value.  Participants were informed they 
could either state the descriptor phrase (e.g. ‗warm‘) or a number that related to their comfort 
level (e.g. ‗2‘).  Recordings were made on arrival at the platform and every five minutes after 
that for a minimum of 30 minutes.  As soon as the train was visible, participants continually 
recorded thermal comfort as the train arrived, during boarding and as the train pulled away from 
the platform. 
 
Participants were required to sit in a pre-determined location where Experimenter 2 was 
situated with the environmental measuring equipment.  Participants were not located near other 
rail passengers to limit any effects of embarrassment on thermal comfort during this part of the 
experiment. 
 
The same procedure was then applied for the return journey, experimenter 2 boarded the 11.25 
train from Leicester and participants and experimenter 1 boarded at Syston on the 11:32 and 
alighted at Sileby.  This resulted in a time on the platform of approximately 25 minutes, slightly 
less that at Sileby.  Experimenter 2 also disembarked at Sileby and the experimental group 
drove back to the University whereupon the experiment ended. 
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Experimental timeline 
Figure 7.6 and Figure 7.7 show the timeline of events described in the procedure on both 
outward and return journeys. 
 
Figure 7.6 Timeline of experimental design – out 
 
Figure 7.7 Timeline of experimental design – return 
Participants experience the change (transient) of environmental conditions after moving from 
the platform onto the train when boarding.  Sensation can be considered to be in a transient 
state until steady-state sensations are achieved i.e. when it can be calculated by a predictive 
model of sensation. 
  
228 
7.4 Results 
Due to the nature of the experiment there were occasions when the time spent on the platform 
was not as long as anticipated.  This was for various reasons such as train delays and delays 
getting to the station by car.  Minimum time spent on the platform was 15 minutes at Syston 
station; however, this only occurred for two participants and is unlikely to affect results.  It also 
may be more ecologically valid as rail users are unlikely to spend long periods on the platform 
under normal running conditions. 
 
Thermal sensations were grouped according to the Predicted Mean Vote (PMV) on the platform, 
irrespective of actual sensation.  This was so that sensations could be compared according to 
the conditions experienced rather than an arbitrary condition such as date.  Table 7.2 lists how 
each PMV was grouped. 
Table 7.2 Environmental condition grouping using PMV 
Conditions PMV 
Hot PMV>2.5 
Warm 1.5<PMV<2.5 
Slightly warm 0.5<PMV<1.5 
Neutral -0.5<PMV<0.5 
Slightly cool -1.5<PMV<-0.5 
Cool -2.5<PMV<-1.5 
Cold PMV<-2.5 
7.4.1 Environmental Conditions 
Table 7.3 details the environmental conditions during the experiment.  The table shows that 
there was a wide range of environments, although none extended into conditions that would 
elicit warmer sensations. 
Table 7.3 Maximum, minimum and mean environmental conditions on the two platforms and the 
train (SD in brackets) 
 Sileby Syston Train 
 Max Min Mean Max Min Mean Max Min Mean 
ta (°C) 20.24 7.57 12.51 
(3.77) 
22.11 7.22 12.71 
(4.26) 
27.73 18.87 22.46 
(1.85) 
tr (°C) 34.58 9.48 18.28 
(7.86) 
44.88 10.58 20.60 
(9.93) 
27.7 13.79 20.43 
(3.07) 
v (ms-1) 5.00 0.25 3.03 
(3.35) 
5.00 0.34 3.11 
(2.92) 
0.55 0.00 0.06 
(0.09) 
RH (%) 88.72 36.55 69.77 
(15.18) 
85.45 28.07 66.20 
(14.77) 
68.72 26.88 45.65 
(8.10) 
Pa (Pa) 1658.60 675.48 1005.09 
(235.26) 
1650.10 520.76 966.90 
(243.54) 
1913.77 808.80 1239.63 
(229.18) 
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7.4.2 Objective Results – Mean Skin Temperature 
As participants arrived at the two stations and boarded the trains at different times, mean skin 
temperatures were matched according to the moment when participants boarded the train.  The 
time of boarding and alighting was noted and data 15 minutes before boarding and 5 minutes 
after alighting is shown on the graphs.  0 minutes is the time participants boarded the train and 
is marked by a dotted line on the graphs, alighting is also indicated by the second dotted line. 
 
Figure 7.8 shows the mean skin temperatures grouped by Predicted Mean Vote (yellow = 
slightly warm, green = neutral, light blue = slightly cool, blue = cool, dark blue = cold) on the 
platform.  The graph shows that mean skin temperatures in the neutral and slightly warm 
conditions were similar even though the environmental conditions were different.  The increases 
in mean skin temperature at 0 minutes result from the participant boarding the train and the 
reduction at +5 minutes shows the participant getting off the train. 
 
Figure 7.8 Mean skin temperature grouped by platform PMV 
A MANOVA was conducted which determined that there were no significant differences 
between the neutral and slightly warm mean skin temperatures.  However, there were 
significant differences between the other conditions, F(3,154) = 5.96, Pillai‘s trace = 0.47, 
p<0.001, partial eta squared = 0.24. 
 
Hand temperatures during the experiment are shown in Figure 7.9 and, once again, there is a 
peak in temperatures after participants board the train at 0 minutes which reduces when 
participants alight 5 minutes later. 
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Figure 7.9 Hand temperature grouped by platform PMV 
Interpretation of results 
Mean skin temperatures reflected the differences between environments in the cooler 
conditions, however in the two warmer conditions, mean skin temperatures were similar and 
may, therefore result in similar sensations.  This will be analysed in the following section. 
 
Mean skin and hand temperatures demonstrate similar patterns of temperature change and it is, 
therefore, unlikely that hand temperature directly influences sensation. 
7.4.3 Subjective Results – Thermal Sensation 
Figure 7.10 (dotted line shows when participants boarded the train) displays sensation during 
the experiment with votes combined for both platforms i.e. each participant is represented twice 
on the graph with sensations from Sileby and Syston platforms.  Only one participant 
experienced the slightly warm conditions, so these results must be treated with caution.  Once 
again, results were grouped by the PMV on the platform. 
 
Figure 7.10 Sensation grouped by platform PMV 
231 
The graph shows that sensation fluctuates and then steadily declines when on the platform in 
the cooler conditions.  When the train arrives at the station, there are slight increases in 
sensation for all conditions except in the cold.  After boarding the train, sensations in all 
conditions increase from those on the platform with the most change occurring in the cold 
conditions.  Both the slightly warm and the neutral group demonstrate a slight overshoot in 
sensation immediately after boarding, however, by the time participants have sat down, 
sensations are similar across all conditions. 
 
The data was simplified by selecting the last sensation on the platform and the last sensation on 
the train at 160 seconds the effects of the transient can be seen in Figure 7.11. 
 
Figure 7.11 Sensation on the platform and on the train 
The graph clearly shows the different sensation scores on the platform and that, once on the 
train, sensations converge very quickly to values that are within 0.7 of each other on the 
sensation scale. 
Interpretation of results 
Sensation may decrease just before boarding in the cold platform conditions because 
participants may have behaviourally reacted to the environment by reducing their surface area.  
It is common for participants to bring limbs close to the body and ball hands into fists.  The 
action of moving and getting on the train may have briefly increased the surface area resulting 
in increased heat loss and thereby experiencing a down shift in sensation. 
 
Once participants had sat down, at 160 seconds, sensations were similar across the different 
groups indicating that sensations when moving from cooler to warmer environments do not 
demonstrate an overshoot, thereby confirming results found in the laboratory.  Results also 
show that the previous thermal state has no effect on sensation in the new location because 
sensations overlapped after boarding the train.  Therefore, in field environments, there may be 
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no effect of environmental conditions on the platform and subjective sensations may reach 
steady-state faster than observed in the laboratory.  The PMV index may, therefore, be more 
suitable in field transient environments than indicated by laboratory experiments. 
 
Even though mean skin temperatures for the neutral and slightly warm conditions were similar, 
this did not result in similar sensations, the sensation in the slightly warm conditions is 
marginally warmer than the neutral sensations.  Mean skin temperature is, therefore not an 
accurate predictor of sensation in warmer conditions.  Hand temperatures, however, in the 
slightly warm condition were warmer than those in the neutral conditions and may influence 
sensation. 
 
Once again, as in the second laboratory experiment (chapter 4) mean skin temperatures could 
not predict sensation in transient environments.  Actual sensation votes were similar across the 
conditions after boarding the train even though mean skin temperatures were significantly 
different. 
 
None of the conditions observed during this field experiment caused the same overshoots 
observed in the laboratory, as none resulted in moving from a warm platform to a cool train.  
This may be because the trains were naturally ventilated class 153 and 156 trains which do not 
actively cool carriages.  Cooler conditions may be more likely on the air conditioned trains that 
travel between Loughborough and London. 
7.4.4 Subjective Results – Predicted Mean Vote and Sensation 
Predicted Mean Vote (PMV) was calculated and compared with sensation on the platform and 
on the train.  Conditions are, once again, grouped according to the PMV on the platform (see 
Figure 7.12 to Figure 7.17). 
 
Figure 7.12 PMV on the platform and train 
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Figure 7.12 shows that conditions inside the train reflected the conditions outside the train with 
the cold conditions outside, resulting in the coldest conditions on the train.  Neutral and slightly 
cool train conditions were, however, similar. 
 
Figure 7.13 to Figure 7.17 show the comparisons between PMV and AMV according to the 
environmental conditions on the platform.  For ease of analysis, data in Figure 7.11 were used 
as the actual votes (AMVs). 
 
Figure 7.13 Comparison of AMV and PMV in 
slightly warm platform conditions 
 
Figure 7.14 Comparison of AMV and PMV in 
neutral platform conditions 
 
Figure 7.15 Comparison of AMV and PMV in 
slightly cool platform conditions 
 
Figure 7.16 Comparison of AMV and PMV in cool 
platform conditions 
 
Figure 7.17 Comparison of AMV and PMV in cold platform conditions 
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The graphs show that in all cases except in the neutral conditions, the environment on the train 
is warmer than that on the platform.  In the neutral condition, the environments are the same.  
The three cooler conditions demonstrate overshoots in sensation, an effect not observed in the 
laboratory. 
 
A Friedman test was conducted according to each platform condition to determine if there were 
significant differences between AMV and PMV both on the platform and the train (see Table 
7.4).  Any significant results required a post-hoc Wilcoxon signed rank test (see Table 7.5) 
Table 7.4 Test statistics comparing AMV and PMV – Friedman test 
Conditions Χ2 p 
Requires post-
hoc analysis 
Neutral (3, n=6) = 2.368 0.500 No 
Slightly cool (3, n=29) = 57.460 <0.001 Yes 
Cool (3, n=40) = 78.967 <0.001 Yes 
Cold (3, n=6) = 16.000 0.001 Yes 
Table 7.5 Test statistics comparing AMV and PMV – Wilcoxon test 
Conditions  z p r PMV Md AMV Md 
Slightly cool Plt -2.704 0.007 0.36 -1.2 -2.0 
 Train -2.813 0.005 0.40 0.2 1.0 
Cool Plt -2.971 0.003 0.33 -2.1 -3.0 
 Train -1.781 0.075 N/A N/A N/A 
Cold Plt -1.265 0.206 N/A N/A N/A 
 Train -1.892 0.058 N/A N/A N/A 
 
Interpretation of results 
PMV is not designed for outdoor or changing environments; therefore differences between 
AMVs and PMVs may be the result of limitations of the PMV. 
 
The overshoots in sensation from cooler to warmer environments contradict results found in the 
laboratory.  This effect may be caused by the reduction in air velocity on entering the train and, 
because air velocities were low in laboratory experiments, this may not have been seen in the 
data collected.  The greatest overshoot occurs in the cold conditions and may result from the 
increase in air temperature, in addition to the reduction in air velocity.  Overshoots in the slightly 
cool and cool conditions are not as large and reflect the slight error in PMV when on the 
platform.  This may result from the systematic error occurring between AMV and PMV. 
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Statistical analysis determined that there is some discrepancy between AMV and PMV, 
however, in general, PMV is a reliable indicator of sensation on the train.  Therefore, in field 
environments, it may not be necessary to provide a model of sensation following the transient 
because sensations may reach steady-state faster than laboratory data suggests. 
 
It was not possible to test the PMVTRANS model as, in the model transient sensations are only 
assumed to exist when moving from a warmer to a cooler environment and this environmental 
change was not observed during this experiment.  The data does, however, provide a 
comprehensive database of sensations when on platforms and during boarding and will be 
combined with data from the second field experiment examining thermal sensation throughout a 
train journey in chapter 8.  This should determine whether there are overshoots in sensations 
when the environment on the platform is cold and the train has a neutral environment. 
7.4.5 Subjective Results – Thermal Preference 
Mean preference scores were grouped according to PMV on the platform, and are shown in 
Figure 7.18.  Preferences for warmth generally increase with decreasing environmental 
conditions although there is some overlap with the slightly warm and neutral conditions and the 
cool and cold conditions. 
 
Figure 7.18 Mean preference scores grouped by platform PMV 
As participants begin to board the train, preferences for warmth increase slightly in the cooler 
platform conditions, plateau for a period and then decrease slightly as participants move 
towards the train.  There was no real change in preferences during boarding for the two warmer 
conditions and the slightly cool conditions. 
 
After boarding the train, preferences for warmth decrease and, once seated, results for the 
three cooler conditions are similar.  Preferences in the neutral and slightly warm conditions are 
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maintained throughout boarding, both on the platform and on the train with only a slight 
reduction in scores noted for the neutral condition. 
Interpretation of results 
Mean cool and cold preferences are likely to overlap due to participants reaching the extreme of 
the preference scale and may be confounded by ‗central tendency bias‘. 
 
The decrease in preference (i.e. towards ‗no change‘) as participants move towards the train is 
likely to occur from participants feeling the heat from the train brakes and it reducing the cold 
sensation, however, this is not reflected in sensation scores. 
 
Interestingly, preferences to feel cooler in the slightly warm condition increase on the ‗Boarding‘ 
section of the graph.  This may result from the air velocity reducing as the train arrived at the 
platform and providing some shelter from the wind which may have been maintaining a cooler 
sensation.  This effect is reflected in sensation scores which increase slightly with the 
preferences for cooler. 
7.4.6 Subjective Results – Stickiness 
The graph in Figure 7.19 shows the mean stickiness scores during the experiment, once again 
grouped by PMV.  The graph shows that there are low levels of stickiness on the platform with 
the neutral conditions exhibiting the greatest values.  After boarding the train, there is a sudden 
increase in stickiness during the slightly warm condition at 140 seconds. 
 
Figure 7.19 Mean stickiness scores grouped by platform PMV 
Interpretation of results 
In the slightly warm condition, the increase in stickiness after boarding is likely to result from the 
increase in partial vapour pressure experienced on the train.  This results in moisture 
condensing within the clothing, causing the participant to perceive an increase in stickiness.  
This effect is also observed in the neutral conditions, although to a lesser extent.  Condensation 
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will occur when the temperature of the clothing is below the dew point for the new condition on 
the train. 
 
As participants were unlikely to be sweating in the three cooler conditions, there is little change 
in stickiness.  It is, however, possible that insensible perspiration or rain on wet days may also 
condense within clothing in cold environments, thereby increasing perception of stickiness. 
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7.5 Discussion 
7.5.1 Environmental Conditions 
A variety of environmental conditions were experienced on the platform, enabling a wide range 
of conditions and their effects to be tested.  Unfortunately, due to a lack of available 
participants, few experiments were conducted during the summer months, thereby limiting the 
number of warmer outdoor conditions. 
7.5.2 Mean Skin Temperature and Hand Temperature 
Mean skin temperatures for the three cooler platform conditions were distinct from each 
another, whereas those in the neutral and slightly warm platform conditions overlapped.  
Interestingly, the distinct temperatures did not result in differences between sensation in the 
cool and cold conditions when on the platform.  However, during boarding, sensation following 
the three cooler platform conditions diverged and the differences in skin temperature were 
reflected.  This effect may be due to the reduction of behavioural thermoregulation, (whereby 
participants kept limbs close to the body when on the platform).  As participants moved their 
limbs in preparation to board the train, body surface area increased and sensation decreased. 
 
During the train journey, mean skin temperatures increase by approximately 1°C.  This increase 
is not, however, great enough to cause the large increase in sensation.  This concurs with data 
in chapter 4 that suggests mean skin temperature is not a suitable indicator of sensation in 
transient conditions. 
 
In cooler environments, there is greater variation of skin temperatures across the body and 
more points are generally required to determine an accurate reflection of mean skin 
temperature.  Only four points were used in this experiment and therefore, mean skin 
temperature may not reflect the actual mean because other points (particularly the periphery) 
may have been significantly cooler.  Although measuring more than four points would have 
increased accuracy, it may have made participants feel uncomfortable and embarrassed.  
Feeling self-conscious and ill at ease may also have resulted in increased skin temperatures in 
addition to nervous sweating, thereby skewing both objective and subjective data.  As skin 
temperatures demonstrate differences between environmental conditions, the effect of adding 
more sensors may have been minimal and the temperatures in this experiment are an accurate 
reflection of mean skin temperature. 
 
Hand temperatures demonstrated similar patterns of change to mean skin temperature.  Hand 
temperatures were much cooler than the overall mean, with the lowest temperature recorded at 
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approximately 15°C.  As hand temperatures demonstrate a similar pattern of temperature 
change, it is unlikely that it is a cause of sensation change during the transient conditions.  This 
is consistent with data in chapter 4 and it can, therefore, be concluded that transient sensations 
are not affected by hand temperature. 
7.5.3 Thermal Sensation and Predicted Mean Vote 
Sensations on the platform in the neutral and slightly warm conditions were similar, an effect not 
predicted by Predicted Mean Vote (PMV) but indicated by mean skin temperatures.  The 
differences in air velocity may be partially the cause of this as those in the slightly warm 
condition were higher and may have provided more relief from the warm conditions than PMV 
would suggest. 
 
Participants in the cool and cold conditions demonstrated similar sensations when on the 
platform this may result from a greater level of behavioural thermoregulation in the cold.  By 
keeping limbs close to the body and inadvertently increasing metabolic rate by moving about, 
participants may have maintained sensation better than predicted.  This raises the question of 
whether to maintain the same posture in all environmental conditions.  This would, however, 
limit the ecological validity of the experiment.  As postures were not controlled in this 
experiment, sensations on the platform are more likely to reflect actual sensations experienced 
by rail users. 
 
After boarding the train, sensations increase following all platform conditions, even in the neutral 
where environmental conditions remain the same.  This effect is, however, short-lived in the 
case of the two warmer conditions and 40 seconds after boarding, scores reduce.  This 
indicates that there may be a transient overshoot in sensation when entering environments that 
are the same as the previous location.  The overshoot is likely to be caused by the temporary 
increase in metabolic rate when shifting from standing to walking.  The overshoot is brief and 
may, therefore, have little practical significance. 
 
When values for the neutral and slightly warm conditions are compared with PMV, there is little 
difference between the two, and PMV can be considered to be a realistic representation of 
actual sensation. 
 
After boarding the train, the three cooler conditions show a steady increase in sensation that 
reaches similar values to both warmer conditions.  This indicates that sensations immediately 
reach steady-state, as observed in chapter 4.  However, when results are compared with PMV, 
a clear overshoot is observed in the cold conditions.  It may, therefore, be that moving from cold 
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to neutral conditions results in the same overshoot that is produced when moving from warmer 
to cooler environments. 
 
Predicted Mean Vote has shown that the carriage conditions fluctuate little over the year, 
(although no data was collected from July to September) and conditions remain within 
comfortable parameters.  Consequently, little discomfort may be experienced on this particular 
type of train during the months studied in this experiment. 
 
A constant error of PMV was observed in the three cooler conditions with it predicting values 
approximately 0.75 higher than observed.  This contradicts data recorded in the laboratory in 
both chapters 4 and 5 where PMV predicted cooler sensations than those observed.  It is likely 
that air velocity is the cause of this disparity as PMV is designed for use indoors where air 
velocities are low. 
 
Unfortunately, no environmental conditions corresponded with those where PMVTRANS should be 
employed i.e. when there was a change from warmer to cooler.  It was, therefore, not possible 
to test the model in this experiment and validation and correction of it will be conducted using 
data from chapter 8, examining thermal comfort on whole train journeys. 
7.5.4 Thermal Preference 
Preference ratings concluded that participants wished to feel cooler in the warmer conditions 
and warmer in the cooler conditions.  Interestingly, participants in the cold conditions did not 
express as great a preference for warmth as those in the cool.  Votes were, however, close and 
may be due to ‗central tendency bias‘, where participants avoid selecting extreme values on a 
scale.  As environmental conditions were so varied, the effects of this bias are difficult to 
determine. 
 
Preferences do demonstrate a transient effect that is not observed in sensation.  The data 
shows there is a lag of the previous conditions when on the train, with participants previously in 
cooler conditions still selecting to feel warmer.  Conversely, participants in warmer conditions on 
the platform select to feel cooler on the train.  This may result from mean skin temperature 
differences and scores are likely to converge as mean skin temperatures equilibrate. 
7.5.5 Stickiness 
Stickiness scores were low during each of the conditions, even in the slightly warm where the 
participant was likely to be sweating to maintain comfort. 
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After boarding the train, there is a sharp increase in the stickiness of the slightly warm 
participant, which may result from condensation of sweat within the clothing.  This is due to the 
increase in partial vapour pressure that occurred when boarding the train.  A similar, although 
less pronounced, effect was observed in the neutral conditions.  Participants were unlikely to be 
sweating as much as in the slightly warm condition, which is why the effect is not so great. 
 
These results have shown that on days where there is likely to be an increase in partial vapour 
pressure when boarding, moisture may build up within the clothing and an increase in stickiness 
will be perceived.  This is likely to result in discomfort experienced by the passenger and it may 
be more important to reduce the discomfort caused by stickiness rather than discomfort from 
other variables. 
7.6 Conclusions 
1. Thermal comfort was measured whilst boarding trains in a field environment resulting in 
a ‗thermal comfort profile‘ reflecting the changes in subjective scores and mean skin 
temperatures when boarding; 
2. Sensations observed in the field did not reflect those observed in the laboratory although 
there were a lack of conditions resulting in a move from warmer to cooler environments; 
3. Mean skin temperature and its rate of change did reflect the changes in sensation 
observed during boarding; 
4. Hand temperature was not an accurate indicator or predictor of sensation change during 
the transient from platform to train; 
5. PMV was a suitable indicator of most platform sensations in addition to those following 
transition onto the train.  This contradicts research conducted in the laboratory 
suggesting PMV is not suitable; 
6. The data collected during this experiment cannot be used to evaluate the predictive 
model described in chapter 6 because no environmental conditions resulted in a move 
from warmer to cooler conditions; 
7. Overshoots may be observed from cold to neutral conditions and will be examined in 
chapter 8 to determine if this is a repeatable and enduring effect. 
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8 Experiment to Determine Thermal Sensation throughout a 
Train Journey 
8.1 Summary 
This chapter discusses the final experiment in the series presented in this thesis.  Participants 
were taken on a return train journey from Loughborough to London.  Subjective thermal comfort 
was recorded on the platform, whilst boarding and throughout the journey with objective 
environmental information recorded concurrently.  The aim of the experiment was to measure 
thermal comfort throughout an entire train journey in addition to providing data to test the 
adapted PMV model, PMVTRANS, for longer train journeys.  The experiment determined that 
overshoots after boarding the train are observed in all subjective parameters when the transition 
results in a change in environmental conditions.  This is contrary to previous, laboratory-based 
research and indicates that it may be the interaction of moving between an outdoor to an indoor 
environment that results in these effects.  Sensations on the train reach steady-state after 
approximately 25 minutes which is consistent with laboratory-based research.  PMV is an 
accurate predictor of thermal sensation during a train journey and it may not be necessary to 
adapt the model further.  Air velocities on the platform may interact with thermal sensation with 
a greater sensation of warmth observed on the train than predicted following platform conditions 
with high air velocities. 
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8.2 Introduction 
Chapters‘ 4, 5 and 7 have detailed experiments to determine the effect of a sudden change in 
environmental conditions on sensation.  Initial laboratory and field experiments resulted in the 
creation of a model of sensation, a subsequent experiment then allowed an estimation of the 
time take to reach steady-state (i.e. a time constant) to be calculated.  The resulting equation is 
shown below: 
 
                  
                              8.1 
 
It was decided that a journey of approximately 1½ hours would adequately test the model.  An 
experiment was conducted on a real train journey from Loughborough Station to London St 
Pancras International. 
 
Chapter 0 describes an experiment conducted to determine the optimum method for collecting 
thermal comfort information on a train journey.  The experiment showed that participants 
preferred using a Personal Digital Assistant (PDA) over a voice recorder and the traditional 
paper-based method.  When determining an experimental protocol for this study, PDAs‘ were 
considered; however, this method was not practical due to advances in technology and software 
since the experiment was conducted.  Use of the PDA or similar technology would have 
required further validation that it was suitable for use in the field and for these reasons a 
combination of the voice recorder and paper-based methods was created. 
 
The aim of the experiment was to measure thermal comfort throughout an entire train journey to 
record how sensations on the platform affect sensation when boarding the train and how long 
this lasts.  This data will then be used to validate and correct the PMVTRANS model, designed to 
predict sensation following a transient environmental change. 
8.2.1 Experiment aims and objectives 
The aim of the experiment was to measure thermal comfort throughout a train journey from 
platform to destination. 
 
Experimental objectives: 
1. To determine if the overshoots observed following a move between environments in the 
laboratory are also observed in the field; 
2. To determine the rate of change to reach steady-state thermal comfort in the field; 
3. To quantify the effect of platform conditions on train sensations; 
4. To provide data for the evaluation of a predictive model of transient sensation.  
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8.3 Experimental Method 
8.3.1 Design 
An independent measures design was employed where a group of participants were taken on 
an East Midlands Trains train journey from Loughborough to London (see Figure 8.1 for 
experimental route in yellow).  The experiment was conducted on 9 days between June and 
August 2010. 
 
Figure 8.1 Experimental route (in yellow) 
Similar to the first field experiment (chapter 7), two experimenters were required to measure the 
environmental conditions on the platform and train.  Participants were arranged into groups of 2-
4 people and were met at Loughborough train station by experimenter 1.  Experimenter 2 
boarded the train at the previous station north of Loughborough and set up the environmental 
equipment to allow it to adapt to the environment before the experimental group boarded at 
Loughborough. 
 
Participants recorded thermal comfort with the use of a voice recorder and subjective scales on 
the platform and whilst boarding.  During the journey, the voice recorder was exchanged for the 
245 
paper-based method and participants continued to record subjective data until the train‘s 
termination at London St Pancras. 
 
As East Midlands Trains commence their journeys‘ from London St Pancras, experimenter 2 
was required to board the train 10 minutes before the rest of the experimental group entered the 
carriage.  The experiment was then completed in reverse with the journey and experiment 
terminating at Loughborough station. 
8.3.2 Subjects 
32 participants (16 male and 16 female – data in Table 8.1) were recruited from Loughborough 
University. 
Table 8.1 Mean age and estimated insulation of participants (SD in brackets) 
Subjects Age (years) Clothing insulation 
(m2°C/W) 
Males (16) 28.21 0.10 
 (10.41) (0.05) 
Females (16) 33.69 0.09 
 (14.88) (0.04) 
ALL (32) 30.95 0.10 
 (12.93) (0.04) 
Participants wore their own clothing which was photographed in addition to a written record to 
allow an estimation of insulation (see Table 8.1 for estimation) to be calculated.  They were 
allowed to eat and drink during the experiment and a note was made by the experimenter if and 
when this occurred.  When seated on the train, clothing insulation values were increased by 
0.25 Clo (0.038 m2°C/W, equivalent of a standard car seat, ISO 9920 2007) to allow for the 
insulation provided by the seat. 
8.3.3 Apparatus 
The apparatus required for the experiment is listed below: 
1. Air temperature – measured with thermistors, 4, two per experimental rig (see Figure 8.2 
and Figure 8.3); 
2. Globe temperature – measured with150mm globe thermometer, 2, one on each 
experimental rig; 
3. Relative humidity – Vaisala HUMICAP 180 meter, 2, one on each rig; 
4. Air velocity – Biral hot wire anemometer, 2, one on each rig; 
5. YUASA battery, 12V 2Ah NP1.2-12 – 2, one to power each hot wire anemometer 
6. Eltek/Grant squirrel data loggers – 2, one each rig; 
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7. Subjective recording monitor – 2, one to mark platform recordings, one to mark train 
records; 
8. Olympus WA-110 voice recorder – 4, one per participant 
9. Data record booklet  - 8, two per participant (out and return – see Appendix H) 
10. Pen – 5, one per participant, one used by experimenter 1; 
11. Subjective scale sheet – 4, one per participant. 
 
Figure 8.2 Experimental rig - platform 
 
Figure 8.3 Experimental rig - train 
The equipment used on the platform was arranged on a portable experimental rig (see Figure 
8.2).  Equipment on the train was arranged on a clamp stand on the train table (see Figure 8.3). 
8.3.4 Environmental Conditions 
Due to the nature of field experiments, environmental conditions could not be controlled, only 
monitored.  Section 8.3.3 details the equipment used to measure the environmental conditions 
and the rigs used to attach the equipment.  The two data loggers measured environmental 
conditions every 10 seconds. 
8.3.5 Objective Measurements 
No physiological data were collected during this experiment as it was designed to test the new 
model, which requires no physiological input.  The only objective measurements taken were of 
the environmental conditions. 
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8.3.6 Subjective Measurements 
Four subjective scales were used in this experiment: sensation, preference, stickiness and 
draught.  Draught was added for this experiment because, as the train HVAC system initiates; 
there can be a perceptual change in air movement. 
 
Subjective scale information was recorded with a voice recorder on the platform.  Once on the 
train, participants changed methods and used the paper-based method.  The change was 
required because the first laboratory experiment (chapter 7) highlighted participant‘s discomfort 
with using a voice recorder on a train. 
8.3.7 Procedure 
Participants were issued with the information sheet, consent form, health questionnaire and 
scale sheet (Appendices A and B) one week before the experiment.  They were asked to 
complete the consent form and health questionnaire if they agreed to participate and bring both 
to the station on the experimental day.  The subjective scales were explained at this time to 
allow participants to familiarise themselves with their terminology. 
 
Participants were asked to arrive at Loughborough station 40 minutes before the train‘s 
departure.  Consent forms and health questionnaires were collected and participants were 
issued with voice recorders and scale sheets.  The scales were again explained and 
participants were instructed how to use the voice recorders and were told they could withdraw 
from the experiment at any point.  The data logger was started at this time, to record the 
environmental conditions on the platform. 
 
Once on the platform, the time monitor was started to mark when recordings were made and 
participants made their first recording at this time.  Subsequent recordings were made every 5 
minutes before the train arrived with a lap time marker selected on the heart rate monitor each 
time. 
 
Concurrent to the experimental group meeting and beginning the experiment, experimenter 2 
travelled to either East Midlands Parkway or Beeston to board the train before the experimental 
group and set up the equipment.  A table with 4 seats was booked for each experiment so that 
participants could sit in close proximity to the equipment.  Figure 8.4 illustrates the procedure for 
the experiment when travelling to London, with the dotted line indicating the train‘s direction.  
Figure 8.5 illustrates the procedure during the return journey. 
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As the train arrived into Loughborough station, participants were instructed to begin their 
boarding record, on the voice recorder, stating values for the scales approximately every 20 
seconds.  This continued whilst getting on, walking down the carriage and for one minute once 
seated. 
 
Participants were required to sit in a pre-determined location where Experimenter 2 had situated 
the environmental measuring equipment.  Participants were not located near other rail 
passengers to limit any effects of embarrassment on thermal comfort during this part of the 
experiment. 
 
After the train had left the station, participants were required to complete a paper-based record 
sheet every 5 minutes throughout the journey. 
 
A seating plan was completed to record where participants sat and who may be exposed to 
greater levels of solar radiation by sitting next to the window. 
 
On arrival in London, the equipment was packed away and the experiment ended.  Participants 
were then informed where to meet for the return journey, 45 minutes before the train‘s departure 
time. 
 
The experiment was repeated in reverse for the return journey; however, because London St 
Pancras is a terminus for East Midlands Trains, experimenter 2 boarded the train there 10 
minutes before the experimental group.  Once the train left Leicester, the equipment was 
packed away and participants were informed the experiment had ended.  All participants left the 
train at Loughborough station. 
Experimental timeline 
The experimental timeline for the outward journey from Loughborough train station is shown in 
Figure 8.4.  No actual times are listed on the diagrams because journeys were at different times 
of day.  The journey from East Midlands Parkway to Loughborough took approximately 8 
minutes and the journey from Loughborough to London St Pancras, approximately 1 hour 25 
minutes. 
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Figure 8.4 Experimental timeline – outward journey 
The return journey required a different procedure and the line diagram of this is shown in Figure 
8.5, where experimenter 2 boards the train 10 minutes before the rest of the experimental group 
joins them.  The journey from London St Pancras to Loughborough took, on average, 1 hour 40 
minutes. 
 
Figure 8.5 Experimental timeline – return journey 
Participants experience the change (transient) of environmental conditions after moving from 
the platform onto the train when boarding.  Sensation can be considered to be in a transient 
state until steady-state sensations are achieved i.e. when it can be calculated by a predictive 
model of sensation. 
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8.4 Results 
8.4.1 Environmental Conditions 
Participants were exposed to a wide range of environmental conditions; Table 8.2 shows the 
conditions on the platforms and trains on the outward and return journeys and overall mean 
conditions. 
Table 8.2 Environmental conditions on the platform and train 
  
Platform Train 
  
OUT RTN TOTAL OUT RTN TOTAL 
ta (°C) Max 27.20 28.70 28.70 26.75 25.45 26.75 
Min 10.80 13.00 10.80 17.85 19.20 17.85 
Mean 17.53 20.89 19.25 23.15 21.23 22.15 
SD 4.29 3.55 4.27 1.23 1.03 1.48 
tr (°C) Max 63.27 37.68 63.27 35.16 27.34 35.16 
Min 10.68 13.62 10.68 14.86 17.86 14.86 
Mean 24.47 23.50 23.97 24.99 21.82 23.33 
SD 10.99 4.08 8.22 2.61 1.26 2.57 
v (ms-1) Max 5.00 3.31 5.00 0.42 0.35 0.42 
Min 0.00 0.00 0.00 0.00 0.00 0.00 
Mean 1.20 0.21 0.69 0.05 0.06 0.06 
SD 1.69 0.30 1.30 0.04 0.04 0.04 
RH (%) Max 87.00 79.90 87.00 78.10 75.40 78.10 
Min 26.30 22.40 22.40 28.00 29.35 28.00 
Mean 61.73 46.98 54.16 44.79 47.38 46.14 
SD 18.27 11.87 17.00 8.44 9.83 9.28 
Pa (Pa) Max 2130.76 1986.01 2130.76 1891.11 1956.93 1956.93 
Min 624.77 807.75 624.77 752.60 693.68 693.68 
Mean 1194.71 1128.81 1160.87 1262.62 1193.21 1226.42 
SD 267.45 196.47 236.00 201.72 243.88 227.34 
The table shows that environments on Loughborough platform resulted in the widest range of 
conditions.  This is likely to result from the station having a relatively open platform with little 
shelter, unlike London St Pancras which is relatively protected from outside weather conditions. 
8.4.2 Subjective Results – Thermal Sensation 
Thermal sensations were grouped according to the Predicted Mean Vote (PMV) on the platform, 
irrespective of actual sensation.  This was so that sensations could be compared according to 
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the conditions experienced, rather than an arbitrary condition.  Table 7.2 lists how each PMV 
was grouped. 
Table 8.3 Environmental condition grouping using PMV 
Conditions PMV 
Hot PMV>2.5 
Warm 1.5<PMV<2.5 
Slightly warm 0.5<PMV<1.5 
Neutral -0.5<PMV<0.5 
Slightly cool -1.5<PMV<-0.5 
Cool -2.5<PMV<-1.5 
Cold PMV<-2.5 
Comparison of sensation per condition 
Predicted Mean Vote (PMV) at -5 minutes was used to categorise participants into sensation 
groups.  Figure 8.6 shows the mean sensations (Actual Mean Votes – AMVs) in each of these 
groups.  Results are shown per environmental condition, in Figure 8.7 to Figure 8.12. 
 
Figure 8.6 Mean sensation during train journey grouped by PMV 
Sensation in the warm condition on the platform, increases during the first 20 minutes and 
plateaus thereafter.  There is an immediate decrease in sensation after boarding the train that 
overshoots subsequent values.  After the overshoot, there is a plateau during the first 25 
minutes of the journey, after which sensations steadily decline. 
 
During the slightly warm conditions, participant sensations increased during the first 20 minutes 
on the platform and then decreased slightly with a dip in sensation just before boarding.  After 
boarding the train, sensations demonstrate an overshoot which declines over time. 
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Neutral sensations initially fluctuate on the platform and then plateau, with no real change in 
sensation when boarding or when seated on the train. 
 
Figure 8.7 Mean sensation in warm conditions 
 
Figure 8.8 Mean sensation in slightly warm 
conditions 
 
Figure 8.9 Mean sensation in neutral conditions 
 
Figure 8.10 Mean sensation in slightly cool 
conditions 
 
Figure 8.11 Mean sensation in cool conditions 
 
Figure 8.12 Mean sensation in cold conditions 
In the slightly cool conditions, sensation gradually declined during the time on the platform with 
a plateau in scores approximately 10 minutes before boarding.  After boarding the train, an 
overshoot in sensation was observed with sensation scores reducing after that point. 
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Cool conditions also result in a steady decline in sensation whilst on the platform and an 
overshoot after boarding that declines over time. 
 
The cold conditions produce the coolest sensations on the platform and these are present from 
the beginning of the experiment.  As the train enters the station, or as participants walk up the 
platform, there is an increase in sensation which continues after boarding.  Once again, an 
overshoot in sensation is observed with votes reducing thereafter, until approximately 30 
minutes after boarding. 
Interpretation of results 
Results have shown that, unlike laboratory experiments, overshoots in sensation are observed 
when moving from warm to cool and when moving from cool to warm.  The only condition which 
did not result in an overshoot was the neutral environment where participants were entering the 
same environmental conditions from which they had just left. 
 
This data concurs with data observed during field experiment 1 (chapter 7) where overshoots 
are observed in both directions of environmental change.  This may result from the changes in 
air velocity as air velocities outside are much greater than those on the train and studied in the 
laboratory experiments.  The laboratory studies have shown how perception of draught and air 
movement can be confounded with air temperature and it may, therefore, be that the reduction 
in air velocity and an increase in air temperature results in the change in sensation. 
 
Only the warm platform conditions produced in a decrease in environmental conditions after 
boarding, which resulted in participants feeling cooler than their steady-state values.  All other 
overshoots moved in the opposite direction with participants initially feeling warmer than steady-
state.  The PMVTRANS model has been designed for use from warmer to cooler environments 
and actual sensations may not be accurately predicted by the model.  It may, therefore, be 
necessary to adapt the model so it also predicts sensation when moving from cooler to warmer 
environments. 
8.4.3 Subjective Results – Predicted Mean Vote 
Comparison of Predicted Mean Vote 
Figure 8.13 shows the Predicted Mean Votes (PMVs) calculated and grouped according to the 
predicted sensation. 
 
PMV in the cold conditions was calculated using the ASHRAE computer model (Fountain and 
Huizenga 1997) which extends the scale beyond +3. 
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Figure 8.13 Mean PMV throughout train journey 
The data has been grouped according to the conditions predicted by PMV, similar to the 
previous field experiment described in chapter 7.  Six thermal experiences were identified on 
the platform, ranging from warm to cold.  The graph shows that in the two warmer conditions, 
PMV gradually increases over time on the platform.  Once on the train, PMV is similar across 
the 6 outside environmental conditions ranging from +0.5 to -0.5 and is within comfort limits. 
 
A One-way ANOVA was conducted to determine whether there were any differences in the 
PMV between the 6 conditions.  There was a significant difference in PMV between the groups, 
p<0.05, F (5.58) = 7.57 with a large eta squared value calculated (0.39).  Post hoc comparisons 
were conducted using a Tukey HSD test and determined that the PMV on the train following the 
slightly warm platform conditions (mean = 0.61, SD = 0.19) resulted in a significantly higher 
PMV than those following the neutral (mean = 0.03, SD = 0.48), slightly cool (mean = -0.15, SD 
= 0.40), cool (mean = -0.61, SD = 0.36) and cold (mean = -0.45, SD = 0.71) conditions.  The 
PMV on the train following the neutral platform conditions also had a significantly higher PMV 
than the cool conditions. 
Comparison of Predicted Mean Vote and Actual Mean Vote 
Figure 8.14 shows the comparison of PMV (dotted lines) and actual votes (AMVs – solid lines) 
with specific graphs shown in Figure 8.15 to Figure 8.20. 
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Figure 8.14 Comparison of mean PMV and AMV throughout train journey 
The graph of the warm condition comparison in Figure 8.15 shows that PMV slightly over-
predicts sensation on the platform, however, once on the train, after 5 minutes, PMV accurately 
predicts sensation for most of the journey. 
 
Initial sensations on the platform in the slightly warm conditions are markedly higher than PMV.  
However, after approximately 25 minutes PMV accurately reflects sensations which continues 
once on the train. 
 
Neutral conditions are shown in Figure 8.17 where AMV and PMV are in good agreement 
throughout the experiment.  This relationship is also observed in the slightly cool conditions, 
however, there is an overshoot of sensation on boarding the train, after which, values soon 
reduce to reach steady-state. 
 
PMV predicted sensations cooler than actually observed in both the cool and cold conditions on 
the platform, with the greatest difference occurring between AMV and PMV in the cold 
conditions.  After boarding, there is an overshoot in sensation that steadily declines during the 
first 30 minutes of the journey with sensations agreeing with PMV thereafter. 
 
256 
 
Figure 8.15 Comparison of mean AMV and PMV 
in warm conditions 
 
Figure 8.16 Comparison of mean AMV and PMV 
in slightly warm conditions 
 
Figure 8.17 Comparison of mean AMV and PMV 
in neutral conditions 
 
Figure 8.18 Comparison of mean AMV and PMV 
in slightly cool conditions 
 
Figure 8.19 Comparison of mean AMV and PMV 
in cool conditions 
 
Figure 8.20 Comparison of mean AMV and PMV 
in cold conditions 
 
Transfer – platform to train 
There has been conflicting evidence from the three experiments conducted (chapters 4, 5 and 
7) concerning overshoots in sensation, therefore, sensation changes from platform to train have 
been analysed in greater detail.  Figure 8.21 to Figure 8.26 show sensations (AMVs) and PMVs 
when on the platform and on the train.  This is to determine if overshoots are observed when 
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moving from warmer to cooler conditions and when moving from cooler platform conditions to 
warmer train conditions. 
 
Figure 8.21 Comparison of mean AMV and PMV 
when boarding in warm conditions 
 
Figure 8.22 Comparison of mean AMV and PMV 
when boarding in slightly warm conditions 
 
Figure 8.23 Comparison of mean AMV and PMV 
when boarding in neutral conditions 
 
Figure 8.24 Comparison of mean AMV and PMV 
when boarding in slightly cool conditions 
 
Figure 8.25 Comparison of mean AMV and PMV 
when boarding in cool conditions 
 
Figure 8.26 Comparison of mean AMV and PMV 
when boarding in cold conditions 
Differences between AMV and PMV in the warm, slightly warm and neutral conditions are 
minimal.  Differences between AMV and PMV in the slightly cool platform conditions are similar, 
both before and after the move. 
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In the cool and cold conditions, sensation on the platform is already greater than PMV predicts, 
an effect that increases after boarding in the cool conditions and decreases in the cold.  The 
effects of these overshoots are experienced briefly in the cool conditions but are prolonged in 
the case of the cold, lasting for at least 25 minutes. 
 
If AMV and PMV on the platform and on the train are statistically compared with a Bonferroni 
corrected α = 0.05/6 = 0.008 then there are no significant differences between AMVs and PMVs 
in any condition.  This is a very strict alpha level; however, if the level is reduced, any significant 
differences have very small effect sizes indicating that the two are comparable. 
Interpretation of results 
The curve demonstrated by PMV, in the two warmer conditions on the platform, may result from 
two factors; 1) the sensors on the experimental rig take time to adapt to the environment and 2) 
the environment gradually warms as a result of normal diurnal changes. 
 
Train conditions following the slightly warm conditions on the platform resulted in a significantly 
higher PMV than most other conditions.  All other conditions, however, did not display these 
differences and therefore participants were exposed to similar conditions on the train on each 
occasion.   
 
After 30 minutes on the train AMVs and PMVs were similar, however some sensations 
continued to decrease beyond this point to values lower than PMV predicted, particularly in the 
two warmer conditions.  As this occurs during the final 20 minutes of the journey, it may be that 
any effect of solar radiation is removed as the train travels through more urban areas rather 
than the open fields experienced earlier in the journey.  Effects of solar radiation were, however, 
minimal throughout the experiments and are therefore unlikely to significantly affect sensation. 
 
Sensations in the cooler conditions on the platform are over-predicted by PMV probably 
resulting from conditions deviating from those for which the model is designed. 
 
Differences between AMVs and PMVs in the warm and slightly cool conditions are similar 
before and after boarding the train.  The error, therefore, may only be systematic as the PMV 
can predict the magnitude of the sensation shift, if not the actual sensation. 
 
As no significant differences were observed between AMVs and PMVs in this experiment, it 
may be concluded that PMV is an accurate indicator of sensation, both on the platform and on 
the train and no consideration of the interaction between the environments needs to be made. 
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8.4.4 Subjective Results – Thermal Preference 
Comparison of environmental conditions 
Preference scores were grouped according to Predicted Mean Vote and averaged (see Figure 
8.27).  The graph shows that, as expected, participants in the cooler conditions prefer to feel 
warmer and those in the warmer conditions prefer to feel cooler.  The effect is not, however, 
identical either side of the mid-point, with participants expressing greater preferences for 
warmth than cold.  Once on the train, preferences converge, reaching steady-state after 
approximately 30 minutes. 
 
Figure 8.27 Mean preference scores grouped by PMV 
Graphs showing preference scores, per outside PMV, are shown in Figure 8.28 to Figure 8.33.  
In the two warmer conditions, on the train, preferences for warmth, after an initial overshoot and 
plateau, steadily increase after approximately 20 minutes. 
 
In the neutral conditions on the platform there is no preference for a change in environmental 
conditions and this continues when participants board the train. 
 
Preferences in the slightly cool conditions demonstrate a steady increase whilst on the platform, 
these decline after boarding the train and increase slightly over time.  Those in the cool 
conditions, although initially quite high, decrease and then increase again during the 30 minutes 
before boarding the train.  After boarding, there is an immediate decrease in preference for 
warmth, slightly overshooting the steady-state values achieved after approximately 15 minutes. 
 
Preferences for warmth on the platform were greatest in the cold conditions; however there was 
a sharp decrease prior to boarding the train at 0 minutes.  No overshoots were observed in the 
cold conditions and preferences demonstrated a steady decline during the first 25 minutes of 
the train journey.  After this point, votes fluctuate slightly during the last hour on the train. 
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Figure 8.28 Mean preference in warm conditions 
 
Figure 8.29 Mean preference in slightly warm 
conditions 
 
Figure 8.30 Mean preference in neutral 
conditions 
 
Figure 8.31 Mean preference in slightly cool 
conditions 
 
Figure 8.32 Mean preference in cool conditions 
 
Figure 8.33 Mean preference in cold conditions 
Interpretation of results 
Preferences reflect sensations experienced in each environmental condition with votes 
scattered over the scale when on the platform and converging in the train environment. 
 
Preferences do demonstrate some overshoots in the case of the warm, slightly warm, slightly 
cool and cool conditions, however this effect resolved after 5 minutes in most cases with 
preferences after this point reflecting steady-state.  Preferences in the warm condition take 
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longer to reach steady-state, (approximately 15 minutes), and this is possibly the result of the 
greater change in conditions.  It is however, difficult to determine when preferences reached 
steady-state as there is no plateau on the train in this condition. 
 
Interestingly, no overshoot is observed in the cold conditions; participants experienced an initial 
reduction in preference scores that reduced slightly during the first 30 minutes on the train.  This 
does, however, reflect sensations which also reduce during this time. 
8.4.5 Subjective Results – Stickiness 
Comparison of environmental conditions 
Stickiness scores were grouped according to PMV and averaged (see Figure 8.34).  The graph 
shows that stickiness varied across the conditions with the two warmer conditions resulting in 
slightly higher stickiness scores overall. 
 
Figure 8.34 Mean stickiness scores grouped by PMV 
Figure 8.35 to Figure 8.40 show the mean stickiness scores per condition.  Stickiness in the 
warm conditions is the highest of the six when on the platform.  After boarding there is an initial 
decline and then a peak once more at 15 minutes, after which, no stickiness is experienced. 
 
Stickiness scores in the slightly warm conditions reduce whilst on the platform and increase 
once more after boarding the train.  Values decrease during the first 25 minutes of the journey 
and plateau after.  In the neutral conditions, stickiness scores remain constant whilst on the 
platform and after boarding the train. 
 
All three cooler conditions demonstrate increases in stickiness scores immediately after 
boarding the train.  The effects of these subside after approximately 10 minutes with votes 
reaching steady-state values after this point. 
262 
 
Figure 8.35 Mean stickiness in warm conditions 
 
Figure 8.36 Mean stickiness in slightly warm 
conditions 
 
Figure 8.37 Mean stickiness in neutral conditions 
 
Figure 8.38 Mean stickiness in slightly cool 
conditions 
 
Figure 8.39 Mean stickiness in cool conditions 
 
Figure 8.40 Mean stickiness in cold conditions 
Condensation within clothing 
The previous experiment described in chapter 7 demonstrated that when boarding trains there 
may be condensation build up within clothing, resulting from the change in partial vapour 
pressure.  Stickiness scores when boarding were therefore analysed in more detail to determine 
if this occurs. 
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Stickiness scores during boarding were matched according to time and grouped according to 
PMV.  The graph produced is shown in Figure 8.41 with individual graphs shown in Figure 8.42 
to Figure 8.47. 
 
Figure 8.41 Comparison of mean stickiness scores when boarding the train 
Figure 8.41 shows that, as expected, the warm conditions result in the highest stickiness scores 
on the platform and the cooler conditions, the lowest. 
 
If the conditions are examined individually (Figure 8.42 to Figure 8.47), it can be seen that 
stickiness scores increase after boarding in all but the neutral conditions.  In the warm 
conditions, there is an initial peak that subsides after approximately 20 seconds.  Conversely, in 
the slightly warm, cool and cold conditions, stickiness scores continue to increase throughout 
boarding, with maximum values achieved at the end of the process. 
 
Stickiness when boarding in the slightly cool conditions, demonstrates an initial peak 
immediately after boarding, (similar to the warm conditions) with a steady decline thereafter. 
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Figure 8.42 Mean stickiness when boarding in 
warm conditions 
 
Figure 8.43 Mean stickiness when boarding in 
slightly warm conditions 
 
Figure 8.44 Mean stickiness when boarding in 
neutral conditions 
 
Figure 8.45 Mean stickiness when boarding in 
slightly cool conditions 
 
Figure 8.46 Mean stickiness when boarding in 
cool conditions 
 
Figure 8.47 Mean stickiness when boarding in 
cold conditions 
Interpretation of results 
Stickiness scores were relatively low during each of the environmental conditions on the 
platform, even the warmer conditions resulted in scores of less than 1.  Stations with more 
enclosed platforms may result in higher stickiness scores as air cannot circulate as freely. 
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Stickiness scores demonstrate a transient increase in conditions where there is not only an 
increase in partial vapour pressure but also a change in environment.  No increase was 
observed following the neutral condition even though there was an increase in partial vapour 
pressure.  It may be the combination of the two criteria that results in moisture build-up within 
the clothing. 
8.4.6 Subjective Results – Draught 
Comparison of environmental conditions 
Figure 8.48 shows mean draught scores grouped by PMV. Perception of draught is greatest in 
cold conditions. 
 
Figure 8.48 Mean draught scores grouped by PMV 
Figure 8.49 to Figure 8.54 show the draught scores per environmental condition and it can be 
seen that in all cases there is an immediate reduction in draught after boarding the train. 
 
In the warm conditions, after an initial peak in draught scores during the first 15 minutes on the 
platform, scores gradually reduce, increasing slightly 5 minutes before boarding the train.  This 
reflects both the changes in air velocity and increases in air temperature whilst on the platform. 
 
Slightly warm conditions demonstrate a low level of draught that peaks just before boarding the 
train.  Once on the train, there is an initial decline in scores, after which, they increase to values 
greater than those on the platform. 
 
In the neutral platform conditions, draught scores remain constant throughout the experiment 
with no overshoot observed after boarding the train.  A similar effect is observed for the slightly 
cool conditions with similar draught scores both on the platform and on the train.  However, 
there is an overshoot in draught when boarding, with scores initially reducing and increasing 
again after 5 minutes. 
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Draught scores in the cool conditions are higher on the platform than on the train, with values 
reducing completely after boarding the train and subsequently increasing.  Scores in the cold 
conditions demonstrate a similar pattern with high levels of draught on the platform and values 
reducing after boarding the train. 
 
Figure 8.49 Mean draught in warm conditions 
 
Figure 8.50 Mean draught in slightly warm 
conditions 
 
Figure 8.51 Mean draught in neutral conditions 
 
Figure 8.52 Mean draught in slightly cool 
conditions 
 
Figure 8.53 Mean draught in cool conditions 
 
Figure 8.54 Mean draught in cold conditions 
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Interpretation of results 
As the train enters the platform, there is often a ‗piston effect‘ where there is a localised 
increase in air velocity resulting from the train entering the station.  Draught scores on 
Loughborough platform are, therefore, likely to increase before boarding because of this effect.  
Other trains travelling through the station may also cause this effect and result in a temporary 
increase in the sensation of draught. 
 
Following both the neutral and slightly cool platform conditions, steady-state draught scores on 
the train are similar to those on the platform, even though air velocities are very different.  This 
indicates a difference in the perception of air velocities between outdoor and indoor 
environmental conditions.  People perceive indoor air velocities far greater than outside and 
may result from the expectation that there should not be significant air movement inside.  These 
effects may also result from the negative connotations that the term ‗draught‘ evokes.  For 
instance, outside, in warmer conditions, air movement may be a pleasant experience, relieving 
radiant heat gain and may result in lower draught scores because the sensation is a positive 
experience.  This is most noticeable following the slightly warm platform conditions, (where 
there are low levels of draught), after boarding the train draught scores are greater than those 
on the platform, even though there is a large reduction in air velocity. 
 
Draught scores on the train were similar in all but the cold condition.  This may result from the 
greater air velocities experienced on the platform resulting in a reduced impression of draught 
on the train.  Because participants in these conditions had experienced a greater extreme, their 
scaling of scores may have been wider, resulting in lower scores on the train.  This effect was 
observed by Nicol et al. (1973) where some participants had a ‗psychological set-point‘ from 
previous experimental conditions.  However, air velocities on the train in this condition were only 
0.03ms-1, approximately 0.03ms-1 less than other conditions, votes may, therefore, be an 
accurate reflection of environmental conditions. 
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8.5 Discussion 
8.5.1 Environmental Conditions 
Environmental conditions during the experiment were diverse and resulted in participants being 
exposed to a wide range of thermal experiences.  This experiment has, therefore, created a 
database of human responses to various platform conditions, in addition to their thermal 
experiences on a long train journey. 
 
Train environments were similar on each occasion with only those following the slightly warm 
platform conditions resulting in a significantly warmer environment than all other conditions.  It 
was, therefore, possible to compare responses on the train to determine if the time to reach 
steady-state sensations was the same on each occasion. 
8.5.2 Thermal Sensation and Predicted Mean Vote 
Overshoots in sensation were observed in all transients where there was either an increase or 
decrease in environmental conditions.  This has not been observed in the laboratory, where 
sensation only demonstrated an overshoot when the change was from warmer to cooler 
environments.  These results are consistent with data in the previous field experiment (chapter 
7) which noted overshoots in conditions where there was a change from cooler to warmer.  The 
data, however, contradicts the work of de Dear et al. (1993) and previous laboratory work 
described in this thesis (chapter 4 and 5) which also measured overshoots from warmer to 
cooler environments.  This work was also conducted in the laboratory and it may be that the 
effects of transients in the laboratory do not reflect those in the field.  As the laboratory 
experiments moved participants from one room to another, both of which are indoors, the 
effects in the two field experiments may result from the change being from outdoor to indoor 
environments.  There is, therefore, a more complex set of interactions when experiencing 
transients when moving between outdoor and indoor environments.  Hensel (1982) has 
demonstrated that there are transient overshoots with both up and downward shifts in 
environmental conditions and the effects may purely result from the firing frequency of 
thermoreceptors.  It is also likely that the overshoots experienced after cooler platform 
conditions result from the reduction in air velocity on boarding the train.  It may, therefore, be 
necessary to adapt the PMVTRANS model so it is suitable for all changes in environments. 
 
Sensations reached steady-state at a similar point to the laboratory experiments, with scores 
reaching steady-state at a maximum of 30 minutes after boarding.  On the train however, 
warmer platform conditions, did not result in a plateau, with votes steadily decreasing during the 
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journey.  This may coincide with skin temperatures cooling during this time but it difficult to 
determine as no physiological data was recorded. 
 
Predicted Mean Vote (PMV) was not an accurate indicator of sensations in the two coolest 
platform conditions.  No significant differences were observed between AMV and PMV, but 
graphs have shown that PMV was inaccurate.  This is likely to result from sensations reaching 
the boundaries for which the model was designed.  However, the ASHRAE comfort model 
(Fountain and Huizenga 1997) was used to calculate PMV in the cold conditions.  If the ISO 
7730 (2005) model had been used, its limits are +3, these better reflect actual sensations.  It 
may be unlikely that rail passengers experience sensations outside these conditions because 
they are likely to behaviourally react to the environment.  Passengers may either increase or 
decrease clothing or change locations (e.g. entering a waiting room) to limit thermal discomfort. 
 
PMV was an accurate indicator of sensations when on the train, with no significant differences 
between AMVs and PMVs.  PMV may, therefore be a suitable model of sensation when in train 
environments and not require any adaptations. 
8.5.3 Thermal Preference 
Preference scores are inversely related to sensations, with warmer sensations resulting in 
cooler preferences and vice versa.  Once on the train, preferences demonstrated overshoots of 
steady-state values, taking approximately 20 minutes to reach a plateau similar to sensation. 
 
Preference overshoots also demonstrated similar effects to sensations, with them occurring only 
where there was a change in environmental condition and not following neutral platform 
conditions.  There was also no overshoot observed following the cold platform conditions, but 
votes did decrease in line with sensation. 
 
Once steady state had been achieved, preference votes were comparable on the train, 
irrespective of the previous platform condition.  All conditions resulted in participants preferring 
the environment to be between ‗no change‘ and ‗slightly warmer‘ indicating that the current train 
environment may be too cold for its passengers. 
8.5.4 Stickiness 
The environmental conditions on the station platforms did not result in particularly high 
stickiness scores and may be caused by higher air velocities increasing the amount of vapour 
loss on the skin.  Stations with lower air velocities may, therefore, result in higher stickiness 
levels with other environmental parameters being the same. 
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There is a transient increase in stickiness during boarding, similar to the effects seen in field 
experiment 1 (chapter 7).  This is likely to result from the increase in partial vapour pressure on 
boarding the train, in addition to a change in other environmental variables.  The neutral 
platform conditions did not result in a change in other environmental conditions and 
consequently there was no change in stickiness. 
8.5.5 Draught 
Draught scores in most conditions demonstrated an increase immediately prior to boarding the 
train.  This results from the increase in air velocity as the train enters the platform and may also 
cause other peaks in platform data as some information was collected as trains entered or left 
the platform.  Ordody (2000) noted that there can be brief increases in discomfort caused by 
this effect, however, in warm conditions, it may actually increase comfort. 
 
Air velocities on the platform were reflected in draught scores, with the highest velocities 
observed in the cold conditions also resulting in the highest draught scores.  Air velocities on 
the train were similar in each condition and most conditions had similar draught scores 
 
This experiment indicates that location is a factor that may confound scores of draught.  People 
expect outdoor conditions to have higher air velocities and a greater range in conditions, there 
may therefore be some form of comparison with past experiences of outdoor conditions that is a 
base for their scores.  Similarly, indoor environments do not normally have high air velocities 
and judgement of draught may result from the idea of what should be ‗normal‘ in an indoor 
location.  These results have shown that draught scores can be compared within locations but 
not between them, i.e. a score of ‗2‘ outside will not be comparable with a score of ‗2‘ inside. 
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8.6 Conclusions 
1. Thermal comfort was measured throughout a train journey enabling a detailed 
understanding of how it changes throughout the different journey stages; 
2. Overshoots in sensation from warmer to cooler environments were not observed in the 
field, contrary to those observed in the laboratory but reflecting results found in field 
experiment 1 (chapter 7); 
3. Overshoots were, however, observed when moving from cooler to warmer 
environments, again contradicting laboratory data by concurring with that observed in 
field experiment 1; 
4. Time to reach steady-state is less in the field than in the laboratory with sensation 
reflecting steady-state after 5 minutes; 
5. Platform conditions have no effect on train sensations after 5 minutes and minimal effect 
initially although there may be an effect of the reduction in air velocity after boarding; 
6. Data from this experiment will be used to evaluate the predictive model described in 
chapter 6; 
7. As overshoots were also observed following a move from cooler to warmer 
environments, PMVTRANS may not be a suitable model of sensation, this will be tested in 
chapter 9; 
8. No change in sensation was observed when moving from the neutral platform conditions 
to the neutral train; 
9. When moving into a location with different environmental conditions and an increase in 
partial vapour pressure, there is a transient increase in stickiness scores; 
10. The transient increase in stickiness is brief following cooler platform conditions but is 
longer following warmer platform conditions; 
11. Draught scores reflect air velocities but are confounded by location; 
12. Air velocities less than 0.15ms-1 can be perceived by participants. 
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9 Validation of Model in Field 
9.1 Summary 
This chapter compares field data with two predictive models of sensation; Predicted Mean Vote 
(PMV) and PMVTRANS.  PMV is a well validated model in buildings and steady-state conditions 
and may be useful in predicting sensation in other environments.  The PMVTRANS model was 
created from laboratory data which demonstrated that in downward transients, overshoots in 
sensation are observed.  The model predicts this overshoot and the rate of change until steady-
state is reached.  Following a comparison of the two models with actual sensations it was 
determined that PMVTRANS is not a suitable predictor of sensation and PMV may be suitable in 
field environments.  Due to a lack of data in warm conditions, it is not possible to determine the 
accuracy of PMVTRANS and more experimentation is required to determine the magnitude of 
variables that influence sensation in the field.  NEW PMVTRANS was created from field data and 
is proposed for use following the initial change of environments after which, PMV should be 
used.  
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9.2 Introduction 
Data collected from laboratory experiments 2 and 3 (chapters‘ 4 and 5) were used to create the 
PMVTRANS model.  The model was designed for use during the transient state when there is a 
downward step in environmental conditions.  This state lasts approximately 25-30 minutes until 
steady-state sensation is achieved. 
 
Two field experiments were conducted (see chapters‘ 7 and 8) to validate the PMVTRANS model 
for use on train journeys.  The first field experiment took participants on short train journeys and 
measured sensations on the platform and while boarding the train.  This resulted in a total of 82 
instances of boarding the train in 5 different thermal states on the platform (slightly warm, 
neutral, slightly cool, cool and cold). 
 
The second field experiment measured thermal comfort during a return journey from 
Loughborough to London St Pancras.  Participants reported on subjective parameters while on 
the platform, during boarding and throughout the journey.  This resulted in a total of 64 sets of 
data in 6 different thermal states on the platform (warm, slightly warm, neutral, slightly cool, cool 
and cold). 
 
The data from these two experiments have been combined to produce 146 instances of 
boarding and 64 instances of data during the journey. 
 
In situations where there is a change in environmental conditions from warmer to cooler (i.e. a 
downward step) the PMVTRANS model should predict sensations better than PMV alone. 
9.3 Models for validation 
Two models will be validated in this section; the Predicted Mean Vote (PMV equation 9.1) and 
PMVTRANS (equation 9.2) created in chapter 6. 
 
                                                                        
                                                           
                            
             
                      
9.1 
                  
                              
9.2 
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9.4 Results 
A Pearson‘s product moment correlation was conducted to determine if there were any 
correlations between actual sensations (actual votes – AV‘s) and the two models (PMV and 
PMVTRANS).  Data from field experiments 1 and 2 were combined for the analysis at time=0 
resulting in 143 data points.  Only 4 participants were exposed to warmer conditions on the 
platform than on the train resulting in a small number of comparisons with the PMVTRANS model.  
The results of the analysis are shown in Table 9.1. 
Table 9.1 Pearson’s product moment correlations for PMV and PMVTRANS against actual sensations 
 
Time 
(mins) 
n 
Pearson’s Correlation, 
r 
p 
(2 tailed) 
PMV 0 143 0.238 0.004 
PMVTRANS 0 4 1.000 0.000 
PMV 5 64 -0.164 0.195 
PMVTRANS 5 4 1.000 0.000 
PMV 10 64 -0.090 0.477 
PMVTRANS 10 4 1.000 0.000 
PMV 15 64 -0.145 0.254 
PMVTRANS 15 4 1.000 0.000 
PMV 20 64 -0.164 0.195 
PMVTRANS 20 4 1.000 0.000 
PMV 25 64 0.033 0.797 
PMVTRANS 25 4 1.000 0.000 
PMV 30 64 0.023 0.836 
PMVTRANS 30 4 1.000 0.000 
At time=0 (when boarding the train) both PMV and PMVTRANS are significantly correlated with 
actual sensations (p<0.01) indicating that both models may be suitable predictors of sensation 
at this point.  The table also suggests that PMVTRANS is suitable in predicting all other data 
points, however, if mean PMV and PMVTRANS are plotted against AMV for the 4 participants (see 
Figure 9.1), then the relationship is not as pronounced. 
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Figure 9.1 Comparison of AMV, PMV and PMVTRANS following warm platform conditions 
The graph suggests that PMV is better than PMVTRANS in predicting actual sensations on the 
train.  The graph also indicates that steady-state sensations are achieved much faster on the 
train than laboratory data would suggest. 
 
The significant correlations observed between PMVTRANS and AMVs are likely to result from the 
smaller participant numbers within this sub-group and cannot be considered to be an accurate 
reflection of significance. 
 
Figure 9.2 to Figure 9.5 compare the individual sensations with PMV and PMVTRANS.  The 
graphs show that PMVTRANS is inaccurate after 10 minutes and predicts sensations that are 
higher than observed at 30 minutes.  Overshoots in sensation were observed in two participants 
and little or no overshoot was observed for the other two.  It is therefore difficult to determine if 
overshoots in the field are similar to those observed in the laboratory. 
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Figure 9.2 Comparisons of individual results of 
sensation, PMV and PMVTRANS (1) 
 
Figure 9.3 Comparisons of individual results of 
sensation, PMV and PMVTRANS (2) 
 
Figure 9.4 Comparisons of individual results of 
sensation, PMV and PMVTRANS (3) 
 
Figure 9.5 Comparisons of individual results of 
sensation, PMV and PMVTRANS (4) 
 
Results from the field experiments determined that there are also overshoots in sensation 
following an upward step of environmental conditions.  This was contradictory to the laboratory 
results in this thesis and other research (de Dear et al. 1993, Zhao 2007).  Data from other 
subjective parameters in the field suggested that thermal sensations may have been 
confounded by the changes in air velocity when boarding.  To determine whether this was the 
case, the difference between AV and PMV on the train was plotted against the difference in air 
velocity between the platform and the train and is shown in Figure 9.6. 
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Figure 9.6 Sensation overshoot as a function of air velocity changes 
The graph shows that there is a minimal relationship between changes in air velocity and 
sensation overshoots.  Air velocity is, therefore, unlikely to be the sole cause of the overshoots 
observed when moving from cooler to warmer environments. 
 
AMV and PMV are compared in Figure 9.7 to Figure 9.12 which results combined for both field 
experiments (there are greater participants numbers at time=0 as a result of this).  The graphs 
demonstrate that, on a group mean level, sensations reflect PMV 5 minutes after boarding the 
train.  Cold conditions were the exception and the only conditions which demonstrated a rate of 
sensation change to steady-state at 30 minutes.  Large differences between environmental 
conditions on the platform and train may, therefore, result in larger overshoots and an extended 
period before steady-state is achieved.  This may be possible to model in future, but more 
experimentation is required to acquire a suitable database from which to draw information. 
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Figure 9.7 Comparison of AMV and PMV on the 
train following warm platform conditions 
 
Figure 9.8 Comparison of AMV and PMV on the 
train following slightly warm platform conditions 
 
Figure 9.9 Comparison of AMV and PMV on the 
train following neutral platform conditions 
 
Figure 9.10 Comparison of AMV and PMV on the 
train following slightly cool platform conditions 
 
Figure 9.11 Comparison of AMV and PMV on the 
train following cool platform conditions 
 
Figure 9.12 Comparison of AMV and PMV on the 
train following cold platform conditions 
Figure 9.7 to Figure 9.12 suggest that the initial overshoot may be proportional to the difference 
between the two environmental conditions, i.e. the greater the difference between conditions, 
the greater the overshoot. 
 
The difference between AMV and PMV was plotted against the differences between the two 
PMVs (see Figure 9.13).  This resulted in the calculation of the proportion of each overshoot 
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and Equation 9.3 is proposed to calculate this overshoot as a possible starting point for further 
studies examining transient overshoots: 
 
Figure 9.13 Calculation of overshoot 
                                                        
9.3 
Where: PMVprevious – Predicted Mean Vote in the previous location; 
PMVcurrent – Predicted Mean Vote in the current location 
This model requires further validation to determine its accuracy and is compared with data from 
the two field experiments in Figure 9.14 to Figure 9.21.  Figure 9.14 and Figure 9.15 show the 
correlation between AMV and PMV and between AMV and NEW PMVTRANS.  The graphs show 
that the new model is a better predictor of the initial overshoot than PMV, however, correlations 
are still low. 
 
Figure 9.14 Correlation of AMV and PMV in all 
conditions 
 
Figure 9.15 Correlation of AMV and NEW 
PMVTRANS in all conditions 
Figure 9.16 to Figure 9.21 show the two models and their relationship with AMV across the six 
platform environmental conditions.  The graphs demonstrate that the NEW PMVTRANS is less 
accurate in the two warmer environments and more accurate as conditions cool.  This is likely to 
be caused by the greater number of data points collected in cooler environments. 
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Figure 9.16 Comparison of AMV, PMV and NEW 
PMVTRANS following warm platform conditions 
 
Figure 9.17 Comparison of AMV, PMV and NEW 
PMVTRANS following slightly warm platform 
conditions 
 
Figure 9.18 Comparison of AMV, PMV and NEW 
PMVTRANS following neutral platform conditions 
 
Figure 9.19 Comparison of AMV, PMV and NEW 
PMVTRANS following slightly cool platform 
conditions 
 
Figure 9.20 Comparison of AMV, PMV and NEW 
PMVTRANS following cool platform conditions 
 
Figure 9.21 Comparison of AMV, PMV and NEW 
PMVTRANS following cold platform conditions 
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9.5 Discussion 
Due to differences between data collected in the field and the laboratory, it was not possible to 
validate the PMVTRANS model.  A lack of experimental occasions where there were warmer 
platform conditions than those on the train resulting in only 4 participants experiencing this 
particular type of environmental change.  Statistical analysis is therefore limited because of the 
small participant numbers. 
 
It has been graphically shown that PMVTRANS was inaccurate after approximately 10 minutes on 
the train and Figure 9.2 to Figure 9.5 suggest that steady-state sensations may be reached 
sooner than those in the laboratory.  Again, the small participant numbers in this condition limit 
any further conclusions to be made. 
 
In field environments, overshoots in sensation were observed following upward steps in 
environmental conditions, contrary to results observed in the laboratory.  It is likely that this is 
the result of a reduction in air velocity on boarding the train.  However, Figure 9.6 has 
suggested there is no relationship between overshoot magnitude and air velocity and further 
research is required.  On the platform, the higher air velocities result in greater heat loss from 
the skin, after boarding the train, this heat loss dramatically reduces and may result in a higher 
impulse frequency of warm thermoreceptors.  It is difficult to quantify this effect from the data 
collected in chapter 7 because the highest air velocities occurred in cooler environmental 
conditions.  Therefore any cooling resulting from higher air velocities is confounded by the lower 
air temperatures recorded. 
9.6 Conclusions 
1. The PMVTRANS model described in chapter 6 could not be validated because it has not been 
shown to be more accurate than PMV in predicting sensations; 
2. PMV is a suitable predictor of sensations after 5 minutes on the train; 
3. A new model is suggested to enable the initial overshoot in sensation to be calculated, this 
model requires further validation with field data to determine its accuracy; 
4. This new model does not account for any rates of change to reach steady-state and PMV 
must be used after this point to predict sensations. 
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10 Conclusions and Recommendations for Future Work 
10.1 Summary 
This chapter reviews the research conducted within this thesis with a comparison of data 
collected both in the laboratory and field.  Conclusions are made regarding results obtained 
during the experiments and possible areas of further research are listed 
10.2 Final comments 
The aim of this thesis was to measure thermal comfort throughout a train journey to provide 
data for the development of a predictive model of sensation.  Both laboratory and field 
experiments have been conducted to measure thermal comfort in simulated and actual train 
environments.  This has resulted in a greater understanding of how thermal comfort changes 
throughout a journey and identification of areas requiring further research. 
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10.2.1 Laboratory research 
Experimental research conducted in the laboratory determined that transient overshoots are 
experienced following downward steps in environmental conditions.  This is likely to be caused 
by the greater impulse frequency of cold thermoreceptors that respond to the temperature 
change (Hensel 1982, de Dear et al. 1993).  As cold thermoreceptors are larger and closer to 
the surface than their warm counterparts, they exhibit an initial stronger dynamic response that 
results in the overshoot.  These overshoots were further examined with greater magnitudes of 
environmental change in addition to the measurement of the rate of sensation change to reach 
steady-state. 
 
Results observed in the two laboratory experiments were consistent with other research (de 
Dear et al. 1993, Ring and de Dear 1991, Arens et al. 2006a, Arens et al. 2006b) and data was 
used to develop a predictive model, PMVTRANS, for use on train journeys.  The predictive model 
was designed for use following a downward transient from platform to train and was tested 
using data from the two field experiments. 
10.2.2 Field research 
Environmental conditions on the platforms were, in general, cooler than those on the train.  
Participants were exposed to a wide range of conditions resulting in 6 separate environmental 
groups.  Results of these experiments, unlike those in the laboratory, showed overshoots in 
sensation following both downward and upward steps in environmental conditions.  These 
effects are likely to be the result of changes in air velocity.  The reduction in air velocities after 
boarding, and the possible skin cooling they cause, results in the overshoot with participants 
feeling warmer than expected. 
 
The effects of transients in the field seem short-lived, with most effects lasting only 5 minutes.  
Cold platform conditions, however, exhibit a longer transient response, lasting approximately 30 
minutes before steady-state is achieved.  This may result from lower skin temperatures in this 
condition gradually adapting to the environment. 
 
More experimentation is required regarding changes from cold environments in the field and the 
possible effect of air velocity confounding thermal sensations. 
 
The PMVTRANS model was tested against data observed following warm platform conditions.  
The model was no more accurate than PMV following the transient and time to reach steady-
state was longer than actual results observed in the field.  A new model was then proposed, 
NEW PMVTRANS, created from the field data. 
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This new model only predicts the initial overshoots observed following both types of 
environmental transient.  It therefore requires further validation to determine its suitability for use 
on trains.  However, as steady-state sensations are reached after 5 minutes into the journey, it 
may not be necessary for train operating companies to accommodate for initial overshoots. 
10.2.3 Summary of experimental findings 
Laboratory experiment 1 The optimum method of subjective data collection is via a PDA. 
Laboratory experiment 2 Following a move from a warmer environment to a cooler one, 
sensations overshoot predicted steady-state values. 
 
Following a move from a cooler environment to warmer one, 
sensations can immediately be predicted by a steady-state model 
of sensation. 
Laboratory experiment 3 Overshoots in sensation are observed following a move from a 
warmer to cooler environments but a move to a cold environment 
results in steady-state sensations immediately. 
 
Sensations take approximately 20 minutes before steady-state is 
achieved. 
Field experiment 1 Sensations in the field do not reflect those in the laboratory and 
overshoots are observed following a move from a cooler 
environment to a warmer one. 
Field experiment 2 Overshoots were again noted in the opposite direction to those 
observed in the laboratory with the greatest observed following a 
move from cold platform conditions to neutral train conditions. 
 
The transient state is not as prolonged as that observed in the 
laboratory with steady-state sensations reached after 5 minutes. 
 
Predicted Mean Vote is a reliable indicator of sensations both on 
the platform and on the train and can be used to predict 
passenger sensation.  This can then be used to determine 
optimum environmental conditions for rail passengers‘ thereby 
increasing thermal comfort throughout a train journey. 
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10.3 Conclusions 
1. This research has determined that thermal comfort within a train carriage is similar to 
that observed within buildings.  Therefore thermal comfort models for trains can be 
based upon existing thermal comfort standards; 
2. Thermal environments on train station platforms and on trains themselves have been 
quantified in chapters 7 and 8; 
3. The Predicted Mean Vote index has been shown in chapters 7 and 8 to be an accurate 
reflection of sensations both on the platform and the train; including sensations 
immediately following the transition from platform to train.  The index can be used by 
train designers for the determination of suitable environmental conditions within train 
carriages to ensure passenger thermal comfort; 
4. When moving between environments, there are differences between laboratory and field 
data.  This research has demonstrated that people are more resilient to transients in the 
field than laboratory data would suggest with steady-state sensations experienced 
almost immediately under field conditions; 
5. A model of sensation was created from laboratory data.  This model predicted the initial 
overshoot of sensation observed following a move from a warmer environment to a 
cooler one, in addition to the rate of sensation change to reach steady-state.  When 
compared with data observed in the field, the model was found to be inaccurate and a 
new model is proposed, NEW PMVTRANS, created from the field data described in 
chapters 7 and 8; 
6. No practical differences between the thermal comfort requirements of males and 
females were found in this research; 
7. Participants found the train environment slightly cool and preferred conditions to be 
slightly warmer.  Therefore train designers and operators could increase carriage 
temperatures to increase passenger satisfaction; 
8. More research is required regarding the effects of air velocity and its interaction with 
sensation, particularly in conditions where there is a move from outdoors to indoors or 
vice versa. 
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10.4 Future research 
The experiments conducted within this thesis have identified areas requiring further research to 
improve our understanding of thermal comfort.  These are listed below 
 
1. The two field experiments have shown that more research is required to determine how 
sensations change following a move to a new environment with particular attention to 
changes in air velocities and their effect.  Skin cooling resulting from outdoor air 
velocities may have a significant effect on sensations.  Laboratory experiments, 
eliminating the confounding effect of air temperature in the field, would assist in 
determining how air velocity interacts with sensation.  This effect may, however be only 
observed where there is a change in location from outdoor to indoor environments. 
 
2. The proposed NEW PMVTRANS model requires further experimentation and validation to 
determine its suitability.  Data, particularly in warmer and cold environments would 
enable a more accurate model to be developed.  In addition, more data in cold 
environments would determine how sensations change over time in this condition. 
 
3. Field experiments were conducted on three different types of train: naturally ventilated 
Super sprinters (field experiment 1), air conditioned Class 222 Meridians and air 
conditioned Class 43 HSTs (field experiment 2).  It is possible that different train types 
may result in differences in thermal experiences due to variations in carriage layout and 
heating and ventilating systems. 
 
4. The effects of crowding on the thermal experience of the passenger, both physiologically 
and psychologically as these conditions are likely to result in the greatest passenger 
discomfort.  In addition, the effects of standing or sitting may also warrant examination 
as standing in a train carriage is not a passive experience.  The passenger is required to 
brace themselves during accelerations and decelerations in addition to any anomalies in 
the track resulting in sudden jolts. 
 
5. Field experiments in this thesis were conducted throughout the year; however, there 
were more intensive experimentation periods resulting in the majority of data collected 
during a short space of time.  Further experimentation should be conducted during other 
seasons to determine whether there are seasonal differences between both sensations 
and environmental conditions on the train. 
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6. A better understanding of the possible effects of condensation build-up within clothing 
when there is a change in partial vapour pressure.  This could assist in predicting when 
the dew-point will be reached and the possible effects of discomfort caused by this. 
 
7. There may be differences in sensations between the different types of rail users as 
expectation is suggested as a factor affecting perception of the environment in the 
adapted model NEW PMVTRANS.  Long-term rail users may have different expectations to 
people who use rail for leisure travel.  Their behaviour on trains may also differ, resulting 
in different metabolic rates and therefore different predictive values of sensation. 
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GLOSSARY 
Thermal Comfort: That condition of mind that expresses satisfaction with the thermal 
environment. 
 
Draught: Unwanted local cooling of the body by air movement. 
 
Overshoot: When actual sensations exceed those predicted.  Can occur both positively, where 
sensations are warmer than predicted, and negatively, where sensations are cooler than 
predicted. 
 
Pleasantness: The degree to which the participant likes their thermal state. 
 
Preference: The degree to which the participant would like their sensation to change. 
 
Sensation: How hot or cold the participant feels. 
 
Steady-state: Where environmental conditions do not fluctuate significantly or subjective 
sensations have adapted to the environment 
 
Stickiness: A subjective experience of moisture on the skin either through sweat or 
condensation. 
 
Transient: A step-change in environmental conditions e.g. those resulting from a move from 
one location to a new location. 
 
Transient state: The thermal experience of the person until steady-state thermal comfort is 
achieved. 
 
Transition: The transfer from one environment to another. 
 
Transitional area: An area where people are in transit to reach their destination, e.g. 
vestibules, corridors. 
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APPENDIX B 
Subjective scales 
Laboratory experiment 1 
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Laboratory experiment 2 
3 
2 
1 
0 
-3 
-2 
-1 
Sensation 
Hot 
Warm 
Slightly warm 
Neutral 
Slightly cool 
Cool 
Cold 
Preference 
Much warmer 
Warmer 
Slightly warmer 
No change 
Slightly cooler 
Cooler 
Much cooler 
Pleasantness 
Very pleasant 
Pleasant 
Slightly pleasant 
Neither pleasant 
nor unpleasant 
Slightly unpleasant 
Unpleasant 
Very unpleasant 
3 
2 
1 
0 
-3 
-2 
-1 
3 
2 
1 
0 
-3 
-2 
-1 
Stickiness 
3 
2 
1 
4 Very sticky 
Sticky 
Slightly sticky 
Not sticky 
Comfort 
Very uncomfortable 
Uncomfortable 
Slightly uncomfortable 
Not uncomfortable 
Draughty 
Draught 
Very draughty 
Slightly draughty 
Not draughty 
3 
2 
1 
4 
3 
2 
1 
4 
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APPENDIX C 
Trial questionnaire 
Date: ____________ Time: ____________ Experimental Time: 1  2  3  4  5  6  7  8  9  Subject: 
_________ 
 
1. Please state your direction of travel and seat position: 
 
Northbound      Southbound        
 
2. Thermal Environment – Please state how YOU feel NOW: 
 
Overall Head 
Trunk Arms Upper legs Lower 
legs/feet 
 Left Right Left Right Left Right Left Right 
3 hot 
          
2 warm 
1 slightly warm 
0 neutral 
-1 slightly cold 
-2 cool 
-3 cold 
 
 
Overall Head 
Trunk Arms Upper legs Lower legs/feet 
 Left Right Left Right Left Right Left Right 
4 very uncomfortable 
          
3 uncomfortable 
2 slightly uncomfortable 
1 not uncomfortable 
 
 
Overall Head 
Trunk Arms Upper legs Lower legs/feet 
 Left Right Left Right Left Right Left Right 
4 very sticky 
          
3 sticky 
2 slightly sticky 
1 not sticky 
 
Direction of travel 
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Overall Head 
Trunk Arms Upper legs Lower legs/feet 
 Left Right Left Right Left Right Left Right 
4 very draughty 
          
3 draughty 
2 slightly draughty 
1 not draughty 
 
3. Please rate on the scale how YOU would like to be NOW: 
 
Much warmer Warmer Slightly 
warmer 
No change Slightly cooler Cooler Much cooler 
 
 
4. Please rate on the scale how YOU feel NOW in this thermal environment: 
 
Very pleasant Pleasant 
Slightly 
pleasant 
Neither 
pleasant nor 
unpleasant 
Slightly 
unpleasant 
Unpleasant 
Very 
unpleasant 
 
 
5. Please indicate how acceptable YOU find this thermal environment NOW: 
 
Acceptable      Unacceptable      
 
6. Please indicate how satisfied YOU are with this thermal environment NOW: 
 
Satisfied       Dissatisfied      
 
Comments, (main source of discomfort): 
____________________________________________________________________________
____________________________________________________________________________
____________________________________________________________________________ 
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APPENDIX D 
Method rating questionnaire 
Usability Questionnaire 
 
PDA 
Please circle the appropriate number 
     Strongly 
Disagree 
   Neutral   Strongly 
Agree 
             
1. I found the PDA easy to use 1 2 3 4 5 6 7 
2. I found it difficult to answer all the 
questions 
1 2 3 4 5 6 7 
3. I felt confident using the PDA 1 2 3 4 5 6 7 
4. I think I would need practice using 
the PDA before feeling comfortable 
using it 
1 2 3 4 5 6 7 
5. I think the PDA would be easy to 
incorporate into my journey 
1 2 3 4 5 6 7 
6. I found the questionnaire on the PDA 
awkward to complete 
1 2 3 4 5 6 7 
7. I would feel comfortable using this 
method on a train 
1 2 3 4 5 6 7 
8. I feel that this method is suitable for 
use when seated 
1 2 3 4 5 6 7 
9. I feel that this method is suitable for 
use when standing 
1 2 3 4 5 6 7 
10. I think that this method could have a 
negative impact upon my journey 
1 2 3 4 5 6 7 
11. I think that it would be easy to use 
this method before my journey starts 
1 2 3 4 5 6 7 
12. I think it would be easy to use this 
method when travelling to the station 
1 2 3 4 5 6 7 
13. I think it would be easy to use this 
method when on the platform 
1 2 3 4 5 6 7 
14. I think it would be easy to use this 
method when on the train 
1 2 3 4 5 6 7 
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Are there any other factors that you feel would improve the design and use of this method? 
________________________________________________________________________________________
________________________________________________________________________________________
________________________________________________________________________________________
________________________________________________________________________________________ 
 
Please state any other problems or positive comments relating to this method 
________________________________________________________________________________________
________________________________________________________________________________________
________________________________________________________________________________________
________________________________________________________________________________________ 
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Usability Questionnaire 
 
Voice recorder 
Please circle the appropriate number 
     Strongly 
Disagree 
   Neutral   Strongly 
Agree 
             
1. I found the voice recorder easy to 
use 
1 2 3 4 5 6 7 
2. I found it difficult to answer all the 
questions 
1 2 3 4 5 6 7 
3. I felt confident using the voice 
recorder 
1 2 3 4 5 6 7 
4. I think I would need practice using 
the voice recorder before feeling 
comfortable using it 
1 2 3 4 5 6 7 
5. I think the voice recorder would be 
easy to incorporate into my journey 
1 2 3 4 5 6 7 
6. I found answering using the voice 
recorder awkward to complete 
1 2 3 4 5 6 7 
7. I would feel comfortable using this 
method on a train 
1 2 3 4 5 6 7 
8. I feel that this method is suitable for 
use when seated 
1 2 3 4 5 6 7 
9. I feel that this method is suitable for 
use when standing 
1 2 3 4 5 6 7 
10. I think that this method could have a 
negative impact upon my journey 
1 2 3 4 5 6 7 
11. I think that it would be easy to use 
this method before my journey starts 
1 2 3 4 5 6 7 
12. I think it would be easy to use this 
method when travelling to the station 
1 2 3 4 5 6 7 
13. I think it would be easy to use this 
method when on the platform 
1 2 3 4 5 6 7 
14. I think it would be easy to use this 
method when on the train 
1 2 3 4 5 6 7 
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Are there any other factors that you feel would improve the design and use of this method? 
________________________________________________________________________________________
________________________________________________________________________________________
________________________________________________________________________________________
________________________________________________________________________________________ 
 
Please state any other problems or positive comments relating to this method 
________________________________________________________________________________________
________________________________________________________________________________________
________________________________________________________________________________________
________________________________________________________________________________________ 
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Usability Questionnaire 
 
Paper questionnaire 
Please circle the appropriate number 
     Strongly 
Disagree 
   Neutral   Strongly 
Agree 
             
1. I found the paper questionnaire easy 
to use 
1 2 3 4 5 6 7 
2. I found it difficult to answer all the 
questions 
1 2 3 4 5 6 7 
3. I felt confident using the paper 
questionnaire 
1 2 3 4 5 6 7 
4. I think I would need practice using 
the paper questionnaire before 
feeling comfortable using it 
1 2 3 4 5 6 7 
5. I think the paper questionnaire would 
be easy to incorporate into my 
journey 
1 2 3 4 5 6 7 
6. I found the paper questionnaire 
awkward to complete 
1 2 3 4 5 6 7 
7. I would feel comfortable using this 
method on a train 
1 2 3 4 5 6 7 
8. I feel that this method is suitable for 
use when seated 
1 2 3 4 5 6 7 
9. I feel that this method is suitable for 
use when standing 
1 2 3 4 5 6 7 
10. I think that this method could have a 
negative impact upon my journey 
1 2 3 4 5 6 7 
11. I think that it would be easy to use 
this method before my journey starts 
1 2 3 4 5 6 7 
12. I think it would be easy to use this 
method when travelling to the station 
1 2 3 4 5 6 7 
13. I think it would be easy to use this 
method when on the platform 
1 2 3 4 5 6 7 
14. I think it would be easy to use this 
method when on the train 
1 2 3 4 5 6 7 
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Are there any other factors that you feel would improve the design and use of this method? 
________________________________________________________________________________________
________________________________________________________________________________________
________________________________________________________________________________________
_______________________________________________________________________________________ 
 
Please state any other problems or positive comments relating to this method 
________________________________________________________________________________________
________________________________________________________________________________________
________________________________________________________________________________________
________________________________________________________________________________________ 
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Usability Questionnaire 
 
Preference (1) 
Please tick the box where appropriate 
 
PDA Voice recorder 
Paper 
questionnaire 
1. Please indicate which two methods you 
have currently used? 
   
2. Of the two methods, which one did you 
prefer? 
   
Why? __________________________________________________________________________________ 
_______________________________________________________________________________________ 
3. Which of the two methods would you feel 
most comfortable using on a train? 
   
Why? __________________________________________________________________________________ 
_______________________________________________________________________________________ 
4. Which of the two methods did you feel was 
the quickest 
   
How do you think the other one could be made faster _____________________________________________ 
_______________________________________________________________________________________ 
_______________________________________________________________________________________ 
 
Please state any additional comments 
________________________________________________________________________________________
________________________________________________________________________________________
________________________________________________________________________________________
_______________________________________________________________________________________ 
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Usability Questionnaire 
 
Preference (2) 
Please tick the box where appropriate 
 
PDA Voice recorder 
Paper 
questionnaire 
1. Of the three methods, which one would you prefer to use in 
the lab? 
   
Why? __________________________________________________________________________________ 
_______________________________________________________________________________________ 
2. Which is your least favourite of the three methods?    
Why? __________________________________________________________________________________ 
_______________________________________________________________________________________ 
 Yes No  
3. Is there another method you would prefer to use?    
Why? __________________________________________________________________________________ 
_______________________________________________________________________________________ 
4. Which of the three methods would you feel most 
comfortable using on a train? 
   
Why? __________________________________________________________________________________ 
_______________________________________________________________________________________ 
5. Which of the three methods would you feel least 
comfortable using on a train? 
   
Why? __________________________________________________________________________________ 
_______________________________________________________________________________________ 
6. Which of the methods did you feel was the quickest    
How do you think the others could be made faster _______________________________________________ 
_______________________________________________________________________________________ 
_______________________________________________________________________________________ 
Please state any additional comments 
________________________________________________________________________________________
________________________________________________________________________________________
________________________________________________________________________________________
________________________________________________________________________________________ 
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APPENDIX E 
Laboratory experiments 2 and 3 - Data record sheet 
Enter  Actual time: _____________  P watch: ______________  C watch: ______________ 
Sensation Preference Pleasantness Comfort Stickiness Draught 
      
 
Acceptable  Unacceptable  
5 mins  Actual time: _____________  P watch: ______________  C watch: ______________ 
Sensation Preference Pleasantness Comfort Stickiness Draught 
      
 
Acceptable  Unacceptable  
10 mins  Actual time: _____________  P watch: ______________  C watch: ______________ 
Sensation Preference Pleasantness Comfort Stickiness Draught 
      
 
Acceptable  Unacceptable  
15 mins  Actual time: _____________  P watch: ______________  C watch: ______________ 
Sensation Preference Pleasantness Comfort Stickiness Draught 
      
 
Acceptable  Unacceptable  
20 mins  Actual time: _____________  P watch: ______________  C watch: ______________ 
Sensation Preference Pleasantness Comfort Stickiness Draught 
      
 
Acceptable  Unacceptable  
25 mins  Actual time: _____________  P watch: ______________  C watch: ______________ 
Sensation Preference Pleasantness Comfort Stickiness Draught 
      
 
Acceptable  Unacceptable  
30 mins  Actual time: _____________  P watch: ______________  C watch: ______________ 
Sensation Preference Pleasantness Comfort Stickiness Draught 
      
 
Acceptable  Unacceptable  
Participant exits chamber and IMMEDIATELY reports on subjective scales  
Actual time: __________________ Participant stopwatch time: ______________ 
Sensation Preference Pleasantness Comfort Stickiness Draught 
      
 
Acceptable  Unacceptable  
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APPENDIX F 
Laboratory experiment 3 
Mean environmental conditions per experimental group 
Week 1 – Groups 1 to 3 
  
Mean SD 
  
Lab 1 Ch A Ch B Lab 2 Lab 1 Ch A Ch B Lab 2 
ta 1 18.6 29.1 20 18.93 0.37 0.08 0.31 0.36 
 
2 18.7 29 19.8 19.14 0.14 0.09 0.07 0.13 
 
3 18.6 28.9 19.8 18.71 0.10 0.06 0.06 0.13 
tr 1 17.3 29.5 21.2 17.67 0.28 0.18 0.30 0.31 
 
2 17.5 29.6 21.2 17.95 0.17 0.08 0.10 0.23 
 
3 17.3 29.5 21.2 17.48 0.10 0.08 0.03 0.08 
v 1 0.06 0.12 0.1 0.068 0.04 0.03 0.02 0.04 
 
2 0.05 0.12 0.1 0.053 0.03 0.03 0.02 0.03 
 
3 0.04 0.13 0.12 0.038 0.02 0.03 0.02 0.02 
RH 1 37.2 48.7 44.3 37.5 1.34 1.14 0.57 0.78 
 
2 36.8 48.3 43.5 37.6 0.53 1.23 0.46 0.51 
 
3 37 48.5 44 38.72 0.73 1.17 0.16 0.42 
Pa 1 797 1955 1036 819.7 14.45 46.34 23.15 14.16 
 
2 792 1936 1006 832.7 11.53 55.30 13.95 9.26 
 
3 795 1935 1016 835.1 17.47 49.59 5.87 9.76 
 
Week 2 – Groups 4 to 6 
  
Mean SD 
  
Lab 1 Ch B Ch A Lab 2 Lab 1 Ch A Ch B Lab 2 
ta 4 20.1 9.6 29.1 20.69 0.19 0.1 0.1 0.3 
 
5 20.9 9.61 29.3 20.29 0.14 0.1 0.2 0.1 
 
6 21.1 9.5 29.3 20.26 0.06 0.1 0.2 0.1 
tr 4 19.5 10.6 29.5 20.02 0.15 0.3 0.1 0.2 
 
5 20 10.9 29.7 19.67 0.1 0.2 0.1 0.1 
 
6 20.3 11 29.8 19.63 0.05 0.1 0.1 0.1 
v 4 0.04 0.14 0.05 0.05 0.04 0.1 0 0.1 
 
5 0.03 0.27 0.04 0.047 0.03 0 0 0 
 
6 0.04 0.28 0.04 0.049 0.04 0 0 0.1 
RH 4 39.5 44.5 45.1 39.88 0.67 0.4 1.7 1 
 
5 39.5 47.3 45.5 40.53 0.5 0.4 1.8 0.3 
 
6 40.2 49.4 45.1 40.33 0.49 0.7 2.2 0.4 
Pa 4 930 531 1816 972.9 24 6.2 71 27 
 
5 974 565 1859 964.2 13.6 4.2 83 9.3 
 
6 1004 586 1833 958 10.2 11 98 8.8 
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APPENDIX G 
Laboratory experiment 3 
Photographs of clothing 
Group 1 
 
Group 2 
 
318 
Group 3 
 
 
Week 2 
Group 4 
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Group 5 
 
Group 6 
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APPENDIX H 
Test descriptives – Laboratory experiment 1 
Comparison of environmental conditions – ta 
   
ta head height ta elbow height ta feet height 
  Gender Method Mean SD N Mean SD N Mean SD N 
Time 
Point 
1 
Male PDA 28.61 1.43 9 24.58 1.34 9 22.12 0.88 9 
Paper 28.55 1.84 9 24.76 1.16 9 21.76 1.20 9 
Voice 28.19 2.34 9 24.54 0.99 9 22.19 1.06 9 
Total 28.45 1.84 27 24.63 1.13 27 22.02 1.03 27 
Female PDA 28.63 1.62 9 24.34 1.17 9 22.26 1.37 9 
Paper 28.52 1.77 9 24.28 1.30 9 22.72 1.33 9 
Voice 29.36 1.72 9 25.02 0.75 9 22.67 0.87 9 
Total 28.84 1.68 27 24.55 1.11 27 22.55 1.18 27 
Total PDA 28.62 1.48 18 24.46 1.23 18 22.19 1.12 18 
Paper 28.54 1.75 18 24.52 1.22 18 22.24 1.32 18 
Voice 28.77 2.08 18 24.78 0.89 18 22.43 0.97 18 
Total 28.64 1.76 54 24.59 1.11 54 22.29 1.13 54 
Time 
Point 
2 
Male PDA 27.55 1.93 9 21.66 1.96 9 19.70 0.72 9 
Paper 27.82 0.81 9 21.80 1.08 9 20.68 1.02 9 
Voice 28.19 1.69 9 21.98 1.42 9 20.53 1.44 9 
Total 27.86 1.52 27 21.81 1.48 27 20.30 1.15 27 
Female PDA 27.75 1.20 9 21.41 0.98 9 20.01 1.03 9 
Paper 27.45 1.26 9 21.12 1.04 9 19.74 1.07 9 
Voice 28.33 1.51 9 21.82 0.93 9 20.49 0.90 9 
Total 27.84 1.33 27 21.45 0.99 27 20.08 1.02 27 
Total PDA 27.65 1.56 18 21.53 1.51 18 19.85 0.88 18 
Paper 27.64 1.04 18 21.46 1.09 18 20.21 1.13 18 
Voice 28.26 1.56 18 21.90 1.17 18 20.51 1.17 18 
Total 27.85 1.41 54 21.63 1.26 54 20.19 1.08 54 
Time 
Point 
3 
Male PDA 29.37 1.34 9 23.62 1.91 9 22.02 0.61 9 
Paper 28.97 1.31 9 23.64 0.67 9 22.24 0.51 9 
Voice 29.31 1.82 9 23.68 0.86 9 22.44 0.84 9 
Total 29.21 1.46 27 23.65 1.22 27 22.24 0.66 27 
Female PDA 29.03 1.38 9 23.37 1.18 9 22.27 0.99 9 
Paper 29.26 1.69 9 23.36 0.82 9 22.26 0.90 9 
Voice 29.62 2.20 9 23.48 0.57 9 22.34 0.60 9 
Total 29.30 1.74 27 23.40 0.86 27 22.29 0.82 27 
Total PDA 29.20 1.33 18 23.50 1.55 18 22.14 0.81 18 
Paper 29.12 1.47 18 23.50 0.74 18 22.25 0.71 18 
Voice 29.46 1.97 18 23.58 0.72 18 22.39 0.71 18 
Total 29.26 1.59 54 23.53 1.05 54 22.26 0.74 54 
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ta head height ta elbow height ta feet height 
  Gender Method Mean SD N Mean SD N Mean SD N 
Time 
Point 
4 
Male PDA 26.06 0.77 9 23.34 1.01 9 22.64 0.50 9 
Paper 26.16 0.89 9 23.39 0.62 9 22.44 0.74 9 
Voice 26.37 0.88 9 23.32 0.57 9 22.89 0.63 9 
Total 26.19 0.83 27 23.35 0.73 27 22.66 0.63 27 
Female PDA 26.15 0.97 9 23.14 0.84 9 22.74 0.97 9 
Paper 25.88 1.14 9 23.01 0.91 9 23.07 0.88 9 
Voice 26.29 1.26 9 23.17 0.86 9 22.79 0.89 9 
Total 26.11 1.10 27 23.11 0.84 27 22.86 0.89 27 
Total PDA 26.10 0.85 18 23.24 0.91 18 22.69 0.75 18 
Paper 26.02 1.00 18 23.20 0.78 18 22.76 0.85 18 
Voice 26.33 1.05 18 23.25 0.71 18 22.84 0.75 18 
Total 26.15 0.96 54 23.23 0.79 54 22.76 0.77 54 
Time 
Point 
5 
Male PDA 22.83 0.80 9 19.77 1.28 9 19.06 0.50 9 
Paper 23.31 0.74 9 20.24 1.01 9 20.44 1.31 9 
Voice 23.37 1.18 9 20.20 1.21 9 19.90 1.34 9 
Total 23.17 0.92 27 20.07 1.15 27 19.80 1.22 27 
Female PDA 22.98 0.92 9 19.54 0.90 9 19.14 1.08 9 
Paper 22.81 0.94 9 19.48 1.17 9 19.09 0.89 9 
Voice 23.39 0.89 9 20.19 1.10 9 19.83 1.15 9 
Total 23.06 0.92 27 19.74 1.07 27 19.35 1.06 27 
Total PDA 22.90 0.84 18 19.65 1.08 18 19.10 0.82 18 
Paper 23.06 0.86 18 19.86 1.13 18 19.76 1.29 18 
Voice 23.38 1.01 18 20.20 1.12 18 19.87 1.21 18 
Total 23.11 0.91 54 19.90 1.11 54 19.58 1.15 54 
 
Comparison of environmental conditions – tr, RH and v 
   
tr RH v 
  Gender Method Mean SD N Mean SD N Mean SD N 
Time 
Point 
1 
Male PDA 40.54 1.25 9 21.03 2.19 9 0.02 0.03 9 
Paper 41.24 1.43 9 19.73 1.80 9 0.03 0.03 9 
Voice 41.46 2.32 9 20.59 2.24 9 0.01 0.02 9 
Total 41.08 1.71 27 20.45 2.08 27 0.02 0.03 27 
Female PDA 41.28 0.84 9 20.18 2.17 9 0.02 0.03 9 
Paper 40.22 1.42 8 20.23 1.54 9 0.01 0.01 9 
Voice 39.69 2.41 8 21.49 1.65 9 0.01 0.01 9 
Total 40.43 1.73 25 20.63 1.84 27 0.01 0.02 27 
Total PDA 40.91 1.10 18 20.61 2.16 18 0.02 0.03 18 
Paper 40.76 1.47 17 19.98 1.64 18 0.02 0.02 18 
Voice 40.63 2.47 17 21.04 1.96 18 0.01 0.01 18 
Total 40.77 1.73 52 20.54 1.95 54 0.02 0.02 54 
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tr RH v 
  Gender Method Mean SD N Mean SD N Mean SD N 
Time 
Point 
2 
Male PDA 40.10 1.45 9 20.69 2.57 9 0.06 0.03 9 
Paper 39.99 1.99 9 21.85 3.14 9 0.06 0.04 9 
Voice 40.19 0.87 9 21.26 2.90 9 0.06 0.03 9 
Total 40.10 1.45 27 21.27 2.81 27 0.06 0.03 27 
Female PDA 39.72 1.84 9 19.30 3.79 9 0.08 0.03 9 
Paper 39.38 2.44 8 19.28 3.83 9 0.06 0.03 9 
Voice 40.40 1.11 8 21.58 3.52 9 0.05 0.04 9 
Total 39.83 1.84 25 20.05 3.74 27 0.06 0.04 27 
Total PDA 39.91 1.62 18 20.00 3.22 18 0.07 0.03 18 
Paper 39.70 2.17 17 20.57 3.65 18 0.06 0.03 18 
Voice 40.29 0.96 17 21.42 3.14 18 0.05 0.04 18 
Total 39.97 1.64 52 20.66 3.33 54 0.06 0.03 54 
Time 
Point 
3 
Male PDA 39.34 1.52 9 31.55 4.33 9 0.05 0.03 9 
Paper 39.48 2.19 9 27.29 4.81 9 0.04 0.03 9 
Voice 39.40 1.43 9 29.97 5.62 9 0.07 0.03 9 
Total 39.41 1.68 27 29.60 5.08 27 0.05 0.03 27 
Female PDA 39.02 3.37 9 28.62 3.40 9 0.04 0.04 9 
Paper 38.62 2.83 8 30.37 3.60 9 0.05 0.04 9 
Voice 39.53 0.51 8 31.85 4.46 9 0.07 0.04 9 
Total 39.06 2.52 25 30.28 3.93 27 0.05 0.04 27 
Total PDA 39.18 2.54 18 30.09 4.06 18 0.05 0.03 18 
Paper 39.08 2.47 17 28.83 4.41 18 0.05 0.03 18 
Voice 39.46 1.07 17 30.91 5.02 18 0.07 0.03 18 
Total 39.24 2.11 52 29.94 4.51 54 0.05 0.03 54 
Time 
Point 
4 
Male PDA 27.31 0.89 9 36.61 4.33 9 0.04 0.04 9 
Paper 27.32 0.74 9 33.89 4.40 9 0.03 0.03 9 
Voice 27.86 0.88 9 35.18 4.61 9 0.03 0.03 9 
Total 27.50 0.85 27 35.23 4.42 27 0.03 0.03 27 
Female PDA 26.87 1.39 9 33.74 3.14 9 0.03 0.03 9 
Paper 27.58 1.07 8 34.60 3.16 9 0.03 0.04 9 
Voice 27.59 0.86 8 37.18 3.70 9 0.03 0.03 9 
Total 27.33 1.15 25 35.17 3.54 27 0.03 0.03 27 
Total PDA 27.09 1.15 18 35.18 3.95 18 0.03 0.04 18 
Paper 27.44 0.89 17 34.25 3.73 18 0.03 0.03 18 
Voice 27.74 0.85 17 36.18 4.18 18 0.03 0.03 18 
Total 27.42 1.00 52 35.20 3.97 54 0.03 0.03 54 
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tr RH v 
  Gender Method Mean SD N Mean SD N Mean SD N 
Time 
Point 
5 
Male PDA 23.68 0.72 9 31.55 6.36 9 0.03 0.02 9 
Paper 23.75 0.73 9 32.67 6.92 9 0.03 0.03 9 
Voice 24.27 0.39 9 29.01 5.01 9 0.04 0.03 9 
Total 23.90 0.67 27 31.08 6.11 27 0.03 0.03 27 
Female PDA 23.14 1.17 9 28.94 7.27 9 0.04 0.03 9 
Paper 23.92 1.08 8 25.68 2.64 9 0.08 0.04 9 
Voice 24.03 0.91 8 29.33 4.81 9 0.04 0.04 9 
Total 23.68 1.10 25 27.99 5.32 27 0.05 0.04 27 
Total PDA 23.41 0.98 18 30.25 6.76 18 0.04 0.03 18 
Paper 23.83 0.89 17 29.18 6.22 18 0.05 0.04 18 
Voice 24.16 0.67 17 29.17 4.77 18 0.04 0.03 18 
Total 23.79 0.90 52 29.53 5.89 54 0.04 0.03 54 
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Raw subjective data – Laboratory experiment 1 (participant 1-9=male, 10-18=female) 
Usability – column number = question number 
  
PDA 
P 
 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1 M 4 2 4 5 5 5 6 6 3 5 6 4 5 4 
2 M 7 1 7 7 7 2 7 7 7 1 7 2 6 7 
3 M 6 2 6 6 7 3 6 6 6 1 6 6 6 6 
4 M 3 2 4 1 1 5 2 6 1 6 2 1 3 2 
5 M 6 3 6 4 5 4 5 6 5 3 6 5 6 6 
6 M 5 3 4 7 5 4 5 7 6 2 5 5 5 7 
7 M 6 1 7 1 6 5 6 7 7 2 6 2 6 7 
8 M 6 4 7 5 7 2 7 7 5 2 6 1 6 7 
9 M 6 2 5 4 7 2 7 7 6 2 5 2 5 7 
10 F 3 5 3 7 5 5 5 5 3 5 5 2 2 6 
11 F 4 2 6 7 5 3 5 6 6 3 6 3 5 6 
12 F 6 3 6 3 7 2 7 7 4 1 7 6 7 7 
13 F 6 1 6 5 6 4 6 6 4 2 6 2 5 6 
14 F 5 2 5 2 7 2 7 7 4 1 5 2 5 7 
15 F 6 1 3 5 6 4 6 6 5 3 6 3 5 7 
16 F 7 1 7 3 7 5 7 7 5 1 3 4 5 7 
17 F 5 5 5 5 4 4 3 6 5 4 4 3 5 5 
18 F 6 1 5 6 6 2 6 7 6 2 6 6 6 7 
 
 
 
Paper 
P 
 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1 M 5 2 6 2 5 4 5 5 3 6 5 2 4 4 
2 M 5 1 6 2 6 2 7 7 3 4 7 1 3 6 
3 M 6 2 6 2 6 2 6 6 3 2 6 5 5 6 
4 M 7 1 6 1 6 1 6 7 1 5 7 2 6 7 
5 M 2 4 4 3 2 2 2 5 2 4 3 2 2 2 
6 M 5 1 5 2 4 1 5 6 3 1 4 3 6 7 
7 M 7 1 6 1 1 2 2 5 1 6 3 1 2 2 
8 M 7 6 7 1 7 3 7 7 4 1 3 1 7 7 
9 M 6 2 5 2 6 2 7 7 3 1 6 2 3 6 
10 F 7 2 6 2 6 2 6 6 3 3 5 4 5 6 
11 F 5 4 5 6 2 4 3 6 1 3 5 1 1 2 
12 F 6 1 7 1 3 5 3 5 2 3 3 2 2 3 
13 F 7 1 7 1 6 4 6 6 4 2 6 1 5 6 
14 F 7 2 7 1 7 1 6 6 2 2 5 2 4 7 
15 F 3 4 7 1 3 6 2 3 1 5 5 2 2 3 
16 F 5 1 6 6 7 2 7 7 5 1 2 2 3 7 
17 F 5 4 4 4 4 3 6 6 3 4 4 4 4 5 
18 F 7 1 6 3 4 3 5 5 4 3 5 5 4 6 
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Voice 
P 
 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1 M 6 2 6 2 3 3 1 6 6 6 6 6 6 6 
2 M 7 2 7 1 7 1 1 7 7 4 7 7 7 7 
3 M 6 1 5 5 5 6 3 6 6 5 6 5 5 5 
4 M 6 1 6 6 2 5 2 6 2 5 5 2 3 2 
5 M 6 2 6 2 6 4 6 5 4 2 5 5 6 5 
6 M 6 2 6 4 5 3 5 6 6 2 7 3 5 6 
7 M 7 1 5 4 3 1 3 7 7 4 7 7 6 5 
8 M 3 6 6 7 3 3 6 7 2 6 3 1 3 2 
9 M 7 2 6 2 4 2 1 5 5 3 4 3 4 5 
10 F 6 3 5 5 5 3 3 6 6 5 5 3 5 6 
11 F 7 6 5 6 6 2 3 7 7 3 7 6 6 6 
12 F 5 2 5 5 1 6 1 5 5 4 5 2 5 5 
13 F 6 2 4 1 5 5 4 6 6 4 6 6 6 6 
14 F 7 1 4 2 2 2 1 6 6 4 7 7 6 6 
15 F 5 4 3 6 1 2 1 5 5 6 4 2 3 2 
16 F 7 1 5 7 1 6 1 5 5 6 6 6 6 3 
17 F 3 4 3 4 3 4 2 5 5 4 5 4 5 5 
18 F 5 1 3 5 3 6 2 7 4 6 5 3 3 2 
 
Sensation 
 
PDA Paper Voice 
P TP 1 TP 2 TP 3 TP 4 TP 5 TP 1 TP 2 TP 3 TP 4 TP 5 TP 1 TP 2 TP 3 TP 4 TP 5 
1 1.50 1.00 2.50 0.00 0.00 1.40 1.20 1.50 0.50 -1.00 1.50 2.00 2.00 0.50 0.00 
2 2.00 2.00 2.00 1.00 0.00 1.00 1.00 2.00 1.00 0.00 1.00 1.00 2.00 0.00 0.00 
3 2.00 1.00 2.00 0.00 -2.00 1.00 0.50 2.00 0.00 -0.50 2.00 1.00 2.00 0.00 -0.50 
4 2.00 2.00 3.00 1.00 0.00 2.00 2.00 3.00 0.00 0.00 2.00 2.00 2.00 0.50 -0.50 
5 2.00 2.00 2.00 -1.00 -1.00 2.00 2.00 2.00 -1.00 -1.00 2.00 2.00 2.00 0.00 -1.00 
6 2.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00 
 
1.00 
 
1.00 0.00 
7 2.00 1.00 2.00 0.00 -1.00 1.00 -1.00 0.00 1.00 0.00 1.00 1.00 1.00 0.00 -1.00 
8 2.00 2.00 3.00 1.00 -1.00 2.00 3.00 2.00 0.00 0.00 1.00 1.00 1.50 1.00 -0.50 
9 2.00 1.00 1.00 0.00 -1.00 2.00 1.00 1.00 0.00 0.00 2.00 1.00 1.00 0.00 -1.00 
10 2.00 1.00 1.00 0.00 -2.00 2.00 1.00 1.00 0.00 -1.00 2.00 2.00 2.00 0.00 0.00 
11 2.00 2.00 3.00 0.00 -1.00 2.00 1.00 1.00 0.00 -1.00 1.00 0.00 2.00 -1.00 -1.00 
12 2.70 2.10 2.40 0.00 0.20 2.60 2.20 2.80 2.10 0.20 1.50 2.00 2.70 0.70 -1.50 
13 1.00 1.00 1.00 0.00 -1.00 0.00 0.00 0.00 0.00 -1.00 1.00 2.00 2.00 -1.00 -1.00 
14 3.00 2.00 3.00 -1.00 0.00 1.00 1.00 2.00 0.00 -2.00 2.00 0.00 1.00 0.00 -1.00 
15 3.00 2.00 3.00 0.00 -1.00 1.00 -2.00 2.00 -2.00 -3.00 2.00 0.00 2.50 0.00 -1.00 
16 0.00 0.00 1.00 0.00 0.00 1.00 1.00 1.00 0.00 0.00 1.00 1.00 2.00 0.00 0.00 
17 1.50 1.00 1.80 0.50 -0.50 2.00 1.50 0.50 0.00 -1.50 1.00 1.00 1.00 -1.00 0.00 
18 1.00 1.00 2.00 1.00 0.00 1.00 1.00 1.00 0.00 0.00 0.00 0.50 1.00 0.00 0.00 
Mean 1.87 1.39 2.04 0.19 -0.57 1.44 0.97 1.43 0.09 -0.66 1.41 1.14 1.75 0.04 -0.56 
Median 2.00 1.00 2.00 0.00 -0.75 1.20 1.00 1.25 0.00 -0.25 1.50 1.00 2.00 0.00 -0.50 
Mode 2.00 1.00 2.00 0.00 -1.00 1.00 1.00 2.00 0.00 0.00 1.00 1.00 2.00 0.00 0.00 
SD 0.72 0.61 0.78 0.62 0.78 0.65 1.14 0.85 0.82 0.87 0.59 0.72 0.55 0.59 0.51 
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Preference 
 
PDA Paper Voice 
P TP 1 TP 2 TP 3 TP 4 TP 5 TP 1 TP 2 TP 3 TP 4 TP 5 TP 1 TP 2 TP 3 TP 4 TP 5 
1 -1.00 -1.00 -2.50 -0.50 0.00 -1.10 -0.05 -1.00 -1.00 0.00 -1.50 -2.00 -2.00 -1.00 -0.20 
2 -2.00 -1.00 -2.00 -1.00 -1.00 -2.00 -1.00 -2.00 -1.00 0.00 -2.00 -1.00 -2.00 -1.00 0.00 
3 -1.00 -1.00 -1.00 0.00 2.00 -1.00 -1.00 -2.00 0.00 0.00 -1.00 -1.00 -2.00 0.00 0.00 
4 -1.00 -2.00 -3.00 -1.00 0.00 -2.00 -2.00 -3.00 -1.00 0.00 -2.00 -3.00 -3.00 -1.00 -0.50 
5 -2.00 -2.00 -2.00 0.00 0.00 -2.00 -2.00 -2.00 0.00 0.00 -2.00 -2.00 -2.00 0.00 0.00 
6 -2.00 0.00 -1.00 0.00 0.00 -2.00 -1.00 -1.00 0.00 0.00 
 
-2.00 
 
-1.00 0.00 
7 -1.00 0.00 -1.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -1.00 0.00 1.00 
8 -1.00 -1.00 -1.00 0.00 1.00 0.00 -1.00 -1.00 0.00 0.00 -2.00 -1.00 -1.00 -1.00 0.00 
9 -1.00 0.00 0.00 0.00 1.00 -2.00 -1.00 -1.00 0.00 0.00 -2.00 -1.00 -1.00 0.00 1.00 
10 -1.00 0.00 0.00 0.00 1.00 -1.00 -1.00 -1.00 0.00 0.00 -2.00 -2.00 -2.00 0.00 0.00 
11 -1.00 1.00 -2.00 0.00 1.00 -1.00 -1.00 -1.00 0.00 1.00 0.00 0.00 0.00 1.00 2.00 
12 -2.50 -2.70 -2.50 -0.20 -0.40 -2.20 -2.00 -2.50 -1.50 0.00 -1.50 -1.50 -2.50 -1.00 0.00 
13 -1.00 1.00 -1.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 -1.50 -2.00 -1.50 1.00 0.50 
14 -2.00 -1.00 -1.00 0.00 -1.00 -1.00 -1.00 -2.00 -1.00 1.00 -2.00 -1.00 -2.00 -1.00 0.50 
15 -1.00 0.00 -2.00 0.00 1.00 0.00 0.00 -2.00 1.00 2.00 -1.00 -1.00 -2.00 1.00 1.00 
16 -1.00 -1.00 -1.00 0.00 0.00 -1.00 -1.00 -1.00 0.00 0.00 -1.00 -1.00 -1.00 -1.00 0.00 
17 -0.20 0.00 0.00 1.00 1.80 -1.00 0.00 -0.50 0.00 0.50 0.00 0.00 0.00 0.50 0.50 
18 0.00 0.00 -2.00 -2.00 0.00 -1.00 0.00 -1.00 0.00 0.00 0.00 0.00 -1.00 0.00 0.00 
Mean -1.21 -0.59 -1.39 -0.21 0.41 -1.13 -0.84 -1.33 -0.25 0.31 -1.26 -1.19 -1.53 -0.25 0.32 
Median -1.00 -0.50 -1.00 0.00 0.00 -1.00 -1.00 -1.00 0.00 0.00 -1.50 -1.00 -2.00 0.00 0.00 
Mode -1.00 0.00 -1.00 0.00 0.00 -1.00 -1.00 -1.00 0.00 0.00 -2.00 -1.00 -2.00 -1.00 0.00 
SD 0.65 1.00 0.90 0.62 0.85 0.77 0.70 0.82 0.60 0.57 0.81 0.86 0.82 0.77 0.60 
 
Pleasantness 
 
PDA Paper Voice 
P TP 1 TP 2 TP 3 TP 4 TP 5 TP 1 TP 2 TP 3 TP 4 TP 5 TP 1 TP 2 TP 3 TP 4 TP 5 
1 -0.20 0.00 -1.50 1.00 1.50 0.70 -1.00 -1.00 -0.50 2.00 -0.50 -1.00 -1.00 -0.20 0.00 
2 -2.00 -1.00 -2.00 -1.00 0.00 -1.00 -1.00 -2.00 -1.00 2.00 0.00 -1.00 -1.00 0.00 2.00 
3 -1.00 -1.00 -1.00 2.00 -2.00 -1.00 0.00 -1.00 2.00 1.00 -1.00 0.00 -1.00 1.00 1.00 
4 -1.00 -1.00 -3.00 1.00 2.00 -2.00 -2.00 -2.00 0.00 2.00 -1.00 -2.00 -2.00 1.50 1.00 
5 -1.00 -2.00 -2.00 1.00 0.00 -2.00 -2.00 -2.00 1.00 2.00 -1.00 -1.00 -1.00 1.00 2.00 
6 0.00 0.00 0.00 0.00 1.00 -1.00 0.00 0.00 1.00 1.00 
 
-1.00 
 
0.00 1.00 
7 0.00 0.00 -1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
8 -1.00 -1.00 -1.00 0.00 0.00 2.00 -1.00 -1.00 0.00 0.00 -2.00 -2.00 -2.00 -1.00 0.00 
9 -1.00 0.00 0.00 0.00 0.00 -2.00 -1.00 -1.00 0.00 0.00 -2.00 -1.00 -1.00 0.00 -1.00 
10 -1.00 2.00 1.00 3.00 -1.00 -1.00 1.00 0.00 2.00 1.00 -2.00 -1.00 -1.00 1.00 2.00 
11 2.00 1.00 -1.00 3.00 -1.00 2.00 1.00 2.00 0.00 1.00 0.00 1.00 2.00 0.00 -1.00 
12 
 
-2.20 -2.60 2.00 2.00 -2.00 -1.80 -2.70 -1.50 2.50 -1.00 -1.00 -2.70 1.00 2.50 
13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -1.00 -1.00 -1.00 -0.50 0.00 
14 -1.00 1.00 -2.00 0.00 0.00 -1.00 -1.00 -1.00 1.00 0.00 -1.00 -1.00 -2.00 0.00 1.00 
15 -1.00 
 
-2.00 2.00 1.00 2.00 1.00 1.00 1.00 -1.00 0.00 1.00 1.00 1.00 1.00 
16 0.00 0.00 -1.00 2.00 2.00 0.00 -1.00 -1.00 2.00 2.00 -1.00 -1.00 -1.00 0.00 1.00 
17 0.00 0.50 2.00 0.00 -0.50 -0.50 0.00 0.00 0.00 -0.50 1.00 1.00 1.00 0.00 0.00 
18 0.00 1.00 -1.00 -1.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 0.00 -1.00 0.00 0.00 
Mean -0.48 -0.16 -1.01 0.83 0.28 -0.38 -0.49 -0.65 0.39 0.89 -0.68 -0.61 -0.81 0.27 0.69 
Median -1.00 0.00 -1.00 0.50 0.00 -0.75 -0.50 -1.00 0.00 1.00 -1.00 -1.00 -1.00 0.00 1.00 
Mode -1.00 0.00 -1.00 0.00 0.00 -1.00 -1.00 -1.00 0.00 2.00 -1.00 -1.00 -1.00 0.00 0.00 
SD 0.87 1.11 1.26 1.25 1.11 1.35 0.97 1.16 0.99 1.04 0.92 0.92 1.21 0.65 1.02 
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Comfort 
 
PDA Paper Voice 
P TP 1 TP 2 TP 3 TP 4 TP 5 TP 1 TP 2 TP 3 TP 4 TP 5 TP 1 TP 2 TP 3 TP 4 TP 5 
1 1.20 1.00 2.50 1.00 1.00 1.00 2.00 1.70 1.10 1.00 1.20 2.00 2.00 1.20 1.00 
2 2.00 2.00 3.00 2.00 1.00 2.00 2.00 3.00 2.00 1.00 2.00 2.00 2.00 1.00 1.00 
3 2.00 2.00 2.00 1.00 2.50 1.00 0.50 2.00 1.00 1.00 2.00 2.00 2.00 1.00 1.00 
4 2.00 3.00 3.00 1.00 1.00 3.00 2.00 4.00 1.00 1.00 3.00 3.00 4.00 1.00 1.00 
5 2.00 2.00 2.00 1.00 1.00 3.00 3.00 3.00 1.00 1.00 2.00 2.00 2.00 1.00 1.00 
6 2.00 1.00 1.00 1.00 1.00 2.00 2.00 2.00 1.00 1.00 
 
2.00 
 
2.00 1.00 
7 1.00 1.00 2.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
8 3.00 2.00 2.00 1.00 4.00 1.00 3.00 2.00 1.00 1.00 2.00 3.00 3.00 2.00 1.00 
9 2.00 1.00 1.00 1.00 1.00 3.00 2.00 2.00 1.00 1.00 3.00 2.00 2.00 1.00 1.00 
10 1.00 1.00 1.00 1.00 2.00 3.00 2.00 2.00 1.00 1.00 2.00 2.00 2.00 2.00 1.00 
11 1.00 1.00 2.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 2.00 
12 3.90 3.20 3.40 1.00 3.20 3.40 3.20 3.60 2.00 1.20 2.00 2.00 3.50 1.00 1.00 
13 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 2.00 2.00 2.00 2.00 1.00 1.00 
14 2.00 2.00 3.00 1.00 1.00 1.00 2.00 2.00 1.00 2.00 2.00 1.00 2.00 1.00 1.00 
15 2.00 1.00 3.00 1.00 1.00 1.00 1.50 2.00 2.00 3.00 2.00 1.00 2.00 1.00 1.00 
16 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 2.00 2.00 2.00 1.00 1.00 
17 1.00 1.00 2.00 1.00 1.20 1.50 1.00 1.00 1.00 1.50 1.00 1.00 1.00 1.00 1.00 
18 1.00 1.00 
 
2.00 1.00 1.00 1.00 2.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Mean 1.73 1.51 2.05 1.11 1.44 1.72 1.73 2.02 1.17 1.26 1.84 1.78 2.03 1.18 1.06 
Median 2.00 1.00 2.00 1.00 1.00 1.00 2.00 2.00 1.00 1.00 2.00 2.00 2.00 1.00 1.00 
Mode 2.00 1.00 2.00 1.00 1.00 1.00 2.00 2.00 1.00 1.00 2.00 2.00 2.00 1.00 1.00 
SD 0.80 0.73 0.84 0.32 0.90 0.93 0.79 0.90 0.38 0.55 0.62 0.65 0.84 0.38 0.24 
 
Stickiness 
 
PDA Paper Voice 
P TP 1 TP 2 TP 3 TP 4 TP 5 TP 1 TP 2 TP 3 TP 4 TP 5 TP 1 TP 2 TP 3 TP 4 TP 5 
1 1.00 1.00 2.00 1.00 1.00 1.00 1.00 2.00 1.50 1.00 1.00 1.50 2.00 1.20 1.10 
2 2.00 2.00 3.00 2.00 2.00 1.00 2.00 2.00 2.00 1.00 1.00 1.00 2.00 1.00 1.00 
3 1.00 1.00 2.00 1.00 2.00 1.00 1.00 1.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
4 2.00 2.00 3.00 1.00 1.00 1.00 2.00 3.00 1.00 1.00 2.00 3.00 3.00 1.00 1.00 
5 1.00 1.00 1.00 1.00 1.00 2.00 2.00 2.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
6 2.00 2.00 2.00 1.00 1.00 2.00 2.00 1.00 1.00 1.00 
 
2.00 
 
2.00 2.00 
7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
8 1.00 2.00 2.00 1.00 1.00 1.00 1.00 2.00 1.00 1.00 1.00 1.00 2.00 2.00 1.00 
9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
10 1.00 1.00 1.00 1.00 1.00 2.00 2.00 2.00 1.00 1.00 1.00 2.00 1.00 1.00 1.00 
11 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
12 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
13 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 2.00 2.00 1.00 1.00 
14 2.00 1.00 3.00 2.00 1.00 1.00 2.00 2.00 1.00 1.00 2.00 2.00 2.00 2.00 1.00 
15 1.00 1.00 2.00 2.00 1.00 2.00 1.00 2.00 1.50 1.00 1.00 1.00 2.00 1.00 1.00 
16 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
17 1.20 1.20 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
18 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Mean 1.23 1.23 1.61 1.17 1.11 1.22 1.33 1.53 1.11 1.00 1.12 1.36 1.47 1.18 1.06 
Median 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.25 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Mode 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
SD 0.42 0.42 0.78 0.38 0.32 0.43 0.49 0.61 0.27 0.00 0.33 0.59 0.62 0.38 0.24 
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Draught 
 
PDA Paper Voice 
P TP 1 TP 2 TP 3 TP 4 TP 5 TP 1 TP 2 TP 3 TP 4 TP 5 TP 1 TP 2 TP 3 TP 4 TP 5 
1 1.00 2.00 1.00 2.00 2.00 1.00 1.50 1.50 1.00 1.70 1.00 1.00 1.00 1.00 1.30 
2 1.00 2.00 1.00 1.00 2.00 1.00 2.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
3 1.00 2.00 1.00 1.00 3.00 1.00 1.50 1.00 1.00 2.00 1.00 1.00 1.00 1.00 1.50 
4 2.00 2.00 3.00 1.00 1.00 1.00 2.00 3.00 1.00 1.00 2.00 3.00 3.00 2.00 2.00 
5 1.00 1.00 1.00 1.00 2.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
 
1.00 
 
1.00 1.00 
7 1.00 2.00 1.00 1.00 2.00 1.00 2.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 2.00 
8 1.00 1.00 1.00 1.00 
 
1.00 1.00 2.00 1.00 1.00 1.00 1.50 1.50 1.00 2.00 
9 1.00 2.00 1.00 2.00 2.00 1.00 2.00 2.00 1.00 1.00 1.00 1.00 2.00 2.00 2.00 
10 1.00 2.00 1.00 1.00 3.00 1.00 1.00 1.00 1.00 2.00 1.00 1.00 1.00 1.00 2.00 
11 1.00 1.00 1.00 1.00 2.00 1.00 1.00 1.00 1.00 1.00 1.00 2.00 1.00 1.00 2.00 
12 1.00 1.30 1.40 1.20 1.20 0.20 1.70 0.90 2.00 2.30 1.00 1.50 1.00 1.20 2.50 
13 1.00 1.00 1.00 1.00 0.00 1.00 0.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
14 1.00 2.00 1.00 1.00 2.00 1.00 1.00 2.00 2.00 2.00 1.00 2.00 1.00 2.00 3.00 
15 1.00 2.00 1.00 2.00 3.00 1.00 2.50 1.00 2.00 3.00 1.00 2.00 1.00 2.00 2.00 
16 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
17 1.00 1.00 1.00 0.20 1.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
18 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 2.00 1.00 1.00 1.00 1.00 1.00 
Mean 1.06 1.52 1.13 1.13 1.75 0.96 1.37 1.30 1.17 1.44 1.06 1.33 1.21 1.23 1.63 
Median 1.00 1.65 1.00 1.00 2.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.75 
Mode 1.00 2.00 1.00 1.00 2.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
SD 0.24 0.50 0.48 0.44 0.82 0.19 0.54 0.58 0.38 0.62 0.24 0.57 0.53 0.42 0.62 
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